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TITLE OF THE INVENTION 

METHODS AND PRODUCTS FOR THE SYNTHESIS 
OF OLIGOSACCHARIDE STRUCTURES ON 
GLYCOPROTEINS, GLYCOLIPIDS , OR AS FREE MOLECULES , 
AND FOR THE ISOLATION OF CLONED GENETIC SEQUENCES 
THAT DETERMINE THESE STRUCTURES 

BACKGROUND OF THE INVENTION 
This application is a continuation-in-part: of U.S. Patent 
Application Serial NO, 07/715,900, filed June 19 , 1991, which 
is a continuation-in-part of U.S. Patent Application Serial 
No. 07/627,621, filed December 12, 1990, now abandoned, which 
was a continuation-in-part of U.S. Patent Application Serial 
No. 07/479,858, filed February 14, 1990, now abandoned. 

Field of the Invention : 

The present invention relates to methods and products for 
the synthesis of oligosaccharide or polysaccharide structures, 
on glycoproteins, glycolipids, or as free molecules. 

Discussion of the Background : 

Carbohydrates are an important class of biological 

compounds which are remarkable for their structural diversity. 

This diversity is not random but rather consists of specific 
sets of oligosaccharide structures that exhibit precise 
tissue-specific and developmental expression patterns. In 
cells carbohydrates function as structural components where 
they regulate viscosity, store energy, or are key components 
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of cell surfaces. Numerous site specific intercellular 
interactions involve cell surface carbohydrates. For example, 
union of sperm and egg as well as the implantation of 
fertilized egg are both mediated by cell surface 
carbohydrates. Likewise, a number of proteins that function 
as cell adhesion molecules, including GMP-140, Endothelial 
Leukocyte Adhesion Molecule-1 (ELAM-1) , and lymphocyte adhesion 
molecules like Mel-14, exhibit structural features that mimic 
lectins, and are now known to bind specific cell surface 
carbohydrate structures (Feizi, Trends Biochem. Sci. (1991) 
15:84-86). Glycosylated proteins as tumor-associated antigens 
are now being used to identify the presence of numerous 
carcinomas* Even isolated oligosaccharides have been found to 
exhibit biological activity on their own. 

Specific galactose oligosaccharides are known to inhibit 
the agglutination of uropathogenic caliform bacteria with red 
blood cells (U.S. Patent No. 4,521,592). Other 
oligosaccharides have been shown to possess potent 
antithrombic activity by increasing the levels of plasminogen 
activator (U.S. Patent No. 4 f 801,583). This same biological 
activity has been used, by binding oligosaccharides, in 
conjunction with an amino glycoprotein, in medical instruments 
to provide medical surfaces which have anticoagulation effects 
(U.S. Patent No. 4,810,784). Still other oligosaccharides 
have found utility as gram positive antibiotics and 
disinfectants (U.S. Patent Nos. 4,851,338 and 4,665,060). 
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Further f oligosaccharides have been used as bacteria receptor 
sites in the diagnosis and identification of specific bacteria 
(U.S. Patent Nos. 4,657,349 and 4,762,824). 

It is also well recognized that oligosaccharides have an 
influence on the protein or lipid to which they are conjugated 
(Rademacher et al. Ann. Rev. Biochem. . (1988) 57:785) . 
Specific oligosaccharides have been shown to influence 
proteins' stability, rate of in vivo clearance from blood 
stream, rate of proteolysis, thermal stability and solubility. 
Changes in the oligosaccharide portion of cell surface 
carbohydrates have been noted in cells which have become 
cancerous. Other oligosaccharide changes have been detected 
during cell differentiation ( Toone et al . Tetrahedron Report 
(1989) 451171:5365-5422). As such, the significance of 
oligosaccharides to biological function cannot be understated. 

The fundamental role of these materials in molecular 
biology has made them the object of considerable research, in 
particular, considerable efforts have been made in organic 
synthesis to synthesize these materials. Although synthetic 
approaches to making carbohydrates are quite developed, this 
technique suffers notable difficulties which relate to the 
selective protection and deprotection steps required in the 
available synthetic pathways. These difficulties, combined 
with difficulties associated with isolating and purifying 
carbohydrates, and determining their structures, has made it 
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essentially impossible for synthetic organic chemistry to 
economically produce valuable carbohydrates. 

Enzyme-mediated catalytic synthesis would offer dramatic 
advantages over the classical synthetic organic pathways, 
producing very high yields of carbohydrates (e.g., 
oligosaccharides and/ or polysaccharides) economically, under 
mild conditions in aqueous solution, and without generating 
notable amounts of undesired side products. Such enzymes, 
which include glycosyltransf erases, are however difficult to 
isolate, especially from eukaryotic, e.g., mammalian sources, 
because these proteins are only found in low concentrations, 
and are membrane-bound. 

As of 1987, standard molecular cloning approaches which 
require amino acid sequence information or anti- 
glycosyltransf erase antibodies, had been successfully used to 
isolate just two eukaryotic, e.g., mammalian 
glycosyltransf erase cDNAs, corresponding to 
|S (1, 4) galactosyltransf erase (in 1986) and 

a(2 , 6) sialyltransf erase (in 1987). In light of the above- 
noted considerable value of carbohydrates, there is 
accordingly a strongly felt need for an improved method for 
isolation of additional glycosyltransf erase genes and cDNAs 
and for their use in carbohydrate synthesis. 
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SUMMARY OF THE INVENTION 
Accordingly, it is an object of this invention to provide 
a method for readily isolating eukaryotic, e.g., mammalian 
glycosyltransf erase genes and cDNAs. 

It is another object of this invention to provide a 
method to modify these isolated genes and cDNAs to obtain 
correspondingly modified glycosyltransf erases . 

It is another object of this invention to provide these 
unmodified and modified isolated genes and cDNAs, and to use 
them, for example, in modifying cell surface oligosaccharide 
structure via gene transfer approaches or via in vitro 
glycosylation reactions. 

The inventor has now discovered a gene transfer approach 
which satisfies all of the above-noted objects of this 
invention, and other objects which will be seen from the 
description of the invention given hereinbelow. The present 
methodology takes advantage of existing information about 
substrate and acceptor properties of glycosyltransf erases and 
makes use of the numerous antibody and lectin reagents that 
are specific to the cell surface-expressed oligosaccharide 
products of these enzymes. 

BRIEF DESCRIPTION OF THE FIGURES 
Figures 1, 2, 3, 4, 5, 6, and 7 provide six DNA sequences 
provided by the invention, encloding glycosyltransf erases. 
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Figure 1 shows the DNA sequence encoding a protein 
capable of functioning as a GDP-Fuc: [/3-D-Gal (1,4/1,3) -D- 
GlcNac(/Glc) -a- (1, 3/1, 4) -fucosyltransf erase (Lewis 
fucosyltransf erase, Fuc-TIII) (SEQ ID NO:l) and the amino acid 
sequence of the encoded protein (Fuc-TIII) (SEQ ID NO: 2). 
Figure 2 shows the DNA sequence encoding a mouse UDP-Gal: jS-D- 
Gal-(1, 4) -D-GlcNac a ( 1 , 3 ) -galactosyltransf erase (SEQ ID NO: 3) 
and the encoded protein (SEQ ID NO: 4). Figure 3 shows the DNA 
sequence encoding a human GDP-Fuc: j3-D-galactoside a (1,2)- 
fucosyltransf erase (SEQ ID NO: 5) and the amino acid sequence 
of the encoded protein (SEQ ID NO: 6). 

Figures 4 and 5 provide DNA sequences (SEQ ID NO: 7 and 
SEQ ID NO:9, respectively) encoding a GDP-Fuc: [j3-D-Gal ( 1 , 4 )] - 
D-GlcNaca ( 1 , 3 ) -fucosyltransf erase (Fuc-TIV) and the encoded 
protein (Fuc-TIV) (SEQ ID NO: 8). Figure 5 also shows the 
amino acid sequence of the Lewis fucosyltransf erase (Fuc- 
TIII) (SEQ ID NO: 2) . 

Figure 6 provides a DNA sequence (SEQ ID NO: 10) encoding 
a GDP-Fuc: [£-D-Gal(l, 4) ] -D-GlcNAca (1, 3) -fucosyltransf erase 
(Fuc-TV) (numbered upper nucleotide strand) and its 
corresponding protein sequence (Fuc TV) (SEQ ID NO: 11), 
together with the DNA sequence of the Lewis blood group 
fucosyltransf erase (Fuc-TIII) (unnumbered lower sequence) . 
Amino acid differences with the Lewis fucosyltransf erase are 
indicated by inclusion of Lewis amino acids below the Lewis 
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DNA sequence (SEQ ID NO: 12), The transmembrane domain of the 
fucosyltransf erase is underlined. 

Figure 7 provides a DNA sequence of the coding portion of 
the genomic DNA insert in pCDNAl-a (1, 3 ) Fuc-TVI (SEQ ID NO: 13) , 
and parts of the 5' and 3' regions of that gene. DNA sequence 
comparison between the GDP-Fuc: [j3-D-Gal(l, 4) ] -D-GlcNaca ( 1, 3 ) - 
fucosyltransf erase (Fuc-TVI) encoded by the genomic DNA 
fragment in pCDNAl-oc (1,3) Fuc-TVI (labeled a (1,3) FT DNA) and 
the Lewis blood group fucosyltransf erase (Fuc-TIII) (labeled 
Lewis DNA) (SEQ ID NO: 12) is also shown in Fig. 7. Positions 
of DNA sequence identity are denoted by a vertical line ( | ) 
between identical nucleotides at similar positions. Positions 
where the sequences are out of register are denoted by ( . ) . 
The derived protein sequence of Fuc-TVI , in single letter 
code, and labeled a ( 1 , 3 ) FT AA f is indicated above its DNA 
sequence (SEQ ID NO: 14). 

Figure 8 presents flow cytometry profile histograms of 
COS-l cells transfected with different 

qe (1,3) fucosyltransf erase gene expression vectors, or with 
control vectors, and subjected to analysis with monoclonal 
antibodies directed against cell surface oligosaccharide 
determinants. COS-l cells were transfected either with 
plasmid pCDM7 (pCDM7) , with plasmid pCDNAI (pCDNAI) , with pCDM7 
containing DNA sequences encoding the 

ot(l, 3/1,4) fucosyltransf erase depicted in Figure 1 (the Lewis 
fucosyltransf erase, also known as Fuc-TIII, SEQ ID NO: 2) , or 
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with pCDNAI containing DNA sequences encoding the 
a(l, 3) fucosyltransf erase depicted in Figure 4 (Fuc-TIV, SEQ ID 
NO: 8), the a ( 1 , 3 ) fucosyltransf erase depicted in Figure 6 (Fuc- 
TV, SEQ ID NO: 11), or the a (1, 3) fucosyltransf erase depicted 
in Figure 7 (Fuc-TV, SEQ ID NO: 14). Three days after 
transfection, the cells were harvested f stained with 
monoclonal antibodies (shown at the top left within the 
figure) directed against the H (anti-H) , Lewis x (anti-Lex) , 
sialyl Lewis x (anti-sLex) , Lewis a (anti-Lea) , or sialyl 
Lewis a (sLea) oligosaccharide determinants, and then stained 
with a f luorescein-conjugated second antibody. The cells were 
then subjected to analysis by flow cytometry. The histograms 
represent the mean fluorescent intensities of the antigen- 
positive cells in each transfectant population (approximately 
25% to 3 0% of the cells are transfected and express the 
positive cell surface markers) . Methods for these analyses 
have been described in detail in Lowe et al . J. Biol. Chem. . 
(1991), 26£: 17467-17477, Weston et al . J. Biol. Chem. , (1992), 
267:4152-4160, Lowe et al . Cell, (1990), 63.:475-484, and Ernst 
et al . J. Biol. Chem. . (1989), 264 :3436-3447. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 
Generally, the present invention provides a method for 
isolating a gene and/or a cDNA from a cell, by using a post- 
translational characteristic of the cell. The cell from which 
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this gene and/ or cDNA may be isolated may be either a cell 
from a unicellular or a multicellular organism. 

In the context of the present invention, a post- 
translational characteristic of a certain cell is defined by 
the ability of that cell to modify a protein or a lipid by an 
enzymatic process that covalently attaches to this protein or 
lipid one or more monosaccharides, or an enzymatic process 
that specifically removes such substituents from a protein or 
lipid molecule. 

In one embodiment, the method comprises the following 
four basic steps: 

(i) identifying for use as a genetic donor, a eukaryotic 
(e,g. mammalian) cell possessing a post-translational 
characteristic of interest i.e. a particular membrane-bound 
oligosaccharide or polysaccharide (i.e. a glycoprotein or 
glycolipid) , soluble oligosaccharide or polysaccharide, or a 
Particular enzymatic activity ( vide infra) ; 

(ii) creating a genetic library of either cDNA or 
genomic DNA from the genetic material of the donor eukaryotic 
(e.g. mammalian) cell; 

(iii) identifying a specific eukaryotic host suitable as 
a recipient for gene transfer, and transforming this 
eukaryotic, (e.g. mammalian), host cells with this genetic 
library; and 

(iv) screening the transformed host cells for host cells 
possessing the post-translational characteristic of interest. 
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The host cell which now possesses this post-translational 
characteristic contains genetic information related to the 
post-translational characteristic of interest. Using the 
techniques set forth below this genetic information (gene) can 
then be retrieved from the transformed host cell and used by 
standard approaches i.e., Axel et al (U.S. Patent No. 
4,634,665) or Gilbert et al (U.S. Patent No. 4,411,994) to 
produce large quantities of the gene product, i.e., the 
glycosyltransf erase, responsible for the post-translational 
characteristic . 

In step (i) above the donor eukaryotic (e.g. mammalian) 
cell is chosen on the basis of detecting a specific enzymatic 
activity in an extract of the cell or detecting a membrane- 
bound or soluble oligosaccharide "or polysaccharide "of "the 
cell. 

Thus in one embodiment the enzymatic activity which is 
detected in the cell extract can be enzymatic activity 
attributable to an animal enzyme which post-translationally 
modifies proteins, lipids, or oligosaccharides by 
glycosylation or glycosyl modification. This enzymatic 
activity may be detected by using a substrate specific for one 
of these enzymes. Such substrates are known. 

In another embodiment, in step (i) above a cell is chosen 
on the basis of detection of a specific cellular membrane- 
bound oligosaccharide and/or polysaccharide. 
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In another embodiment, the cell in step (i) is chosen on 
the basis of detecting the presence of a soluble 
oligosacharride or polysaccharide in an extract of the cell, 
or released by the cell in soluble form. 

The present invention provides a novel gene transfer 
approach designated to isolate genes from an organism without 
requiring that amino acid sequence information be obtained 
about the gene product or that an antibody specific to the 
gene product be available. For example, if a gene encoding a 
particular enzyme is sought, a series of cultured cell lines 
or tissues are screened by known and standard methods to 
identify one or more cell lines or tissues containing an 
expressible gene of interest by detecting in an extract of the 
cell or tissue specific enzymatic activity ( corresponding 7 " to 
the enzyme of interest and thus the cell contains and/or 
expresses a gene for the enzyme sought) . If an 
oligosaccharide or polysaccharide membrane component of the 
cell is of interest, a cell line or tissue possessing such a 
membrane characteristic is isolated. If a soluble 
oligosaccharide or polysaccharide is of interest, a cell line 
or tissue possessing a soluble oligosaccharide or 
polysaccharide detectable in an extract thereof is isolated. 

Once such a cell line or tissue has been identified, a 
genetic library based on this isolated cell is created. This 
genetic library may be either cDNA or genomic DNA. In a 
preferred embodiment, if the isolated cell is known to be 
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susceptible to enhancement of its post-translational 
characteristic of interest by being contacted with a 
particular reagent, this reagent is used to obtain an 
enhancement of the mRNA signal in this cell, and/or the gene 
itself, which consequently produces amplified in mRNA copies 
and thus ultimately cDNA copies, corresponding to that 
particular gene, or amplified gene segments. Both the cDNA 
and the genomic DNA genetic libraries may otherwise be 
obtained using known techniques. Once the genetic library is 
obtained, it is used to transform host cells using known 
techniques (e.g., by calcium phosphate precipitation, 
liposomal transf ection, DEAE dextran transf ection, 
microinjection, etc.) . 

Host cells useful in the present invention are preferably 
susceptible to lectin or antibody detection of the desired 
post-translational characteristic; that is, susceptible to 
lectin or antibody detection of membrane-bound 
oligosaccharide, polysaccharide, or of glycoprotein or 
glycolipid produced in the transformed host cell. However, 
screening of host cells not susceptible to such lectin or 
antibody detection may be achieved through screening for 
enzyme activity in accordance with the invention. 

(A) Host (e.g. mammalian) cells should be eukaryotic 
cells to allow and preserve the catalytic function of the 
enzyme (the glycosyltransf erase) . (B) The host cell should 
not express significant levels of glycosyltransf erase activity 
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analogous to the desired one, or the cognate product. With 
glycosyltransf erase-related genes, successful transformation 
of a host cell can be determined by detecting corresponding 
enzymatic activity in an extract of the cell. (C) In another 
characteristic, the host cell should be capable of 
synthesizing the appropriate sugar nucleotide substrate and 
transport it into Golgi (where glycosyltransf erase catalytic 
domains exist and function) . Virtually all wild type animal 
cells possess this function* (D) The host cell should possess 
the ability to synthesize the appropriate acceptor substrate 
(oligosaccharide, lipid, or protein) that the desired 
glycosyltransf erase requires, and the cell must display the 
structure on the cell surface or release it into the cellular 
environment /media. (E) The host cell should allow or provide 
for expression of transfected sequences that encode or 
otherwise determine expression of the desired 
glycosyltransf erase. This is inherent in eukaryotic (e.g. 
mammal) to eukaryotic (e.g. mammal) genomic DNA transfer, or 
in vector systems chosen for cDNA expression system, using 
known technology. (F) The host cell should allow for rescue 
of the transfected sequences that encode or otherwise 
determine expression of the relevant glycosyltransf erase. 

Wild-type eukaryotic (e.g. mammalian) cells possess these 
characteristics generally. Any particular wild-type cell of 
interest which does not possess criteria (B) or (D) set forth 
above, may be mutated, using standard techniques, to obtain a 
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mutant cell possessing either of these criteria. If an enzyme 
assay-based selection method is used, then the criteria (C) 
and (D) set forth above are not necessary. 

Once the host cells have been transformed, the population 
is screened for host cells containing the genetic material of 
interest. This is achieved by determining whether the host 
cell possesses the post-translational characteristic of 
interest, i.e., by detecting enzymatic activity in an extract 
of the transformed host cell, detecting membrane-bound 
oligosaccharide or polysaccharide on the cell, or detecting 
soluble oligosaccharide or polysaccharide in an extract of or 
secreted by the cell. The host cells which test positive are 
isolated, and the gene of interest can be retrieved from these 
transformed cells. 

If the host cells are transformed by genomic DNA 
transf ection, the gene rescue may be carried out as follows: 

(a) molecular cloning by hybridization, via tagging of 
transfected genomic sequences by species-specific repetitive 
sequences ; or 

(b) tagging of transfected genomic sequences by in vitro 
or in vivo ligation to marker sequences. 

If cDNA is used to transform the host cells, the 
gene/cDNA rescue may be carried out as follows: 

(a) episomal rescue via Hirt procedure, or 

(b) integrated copy rescue via plasmid tag. 
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Further detail with regard to gene rescue is provided in 
the accompanying examples. 

Example of appropriate donor and host cells include the 
following: 

(I) Human Blood Group H a (1, 2) fucosyl-transf erase - 
(Ernst et al, J . Biol . Chem, 264:3436-3447, 1989; Ran an et al . 
J. Biol. Chem. 264 : 11158-11167 , 1989; Larsen et al . Proc. 
Natl. Acad. Sc i. USA . 87 : 6674-6678 , 1990). 

A. ) L cell host-mouse species. 

B. ) Does not express a ( l , 2 ) f ucosyltransf erase 
activity. Does not express Fuca(l,2)Gal structures on 
cell surface. 

C. ) Does synthesize GDP-fucose, the sugar 
nucleotide- substrate of a (X72) f ucosyltransf erase. " 

D. ) Does synthesize Gal0 (1, 4)GlcNAc-R molecules 
that are acceptor substrates for the enzyme, and 
expresses them at cell surface. 

E. ) Mouse cells are known to be able to express 
human genes. 

F. ) Mouse cells do not contain DNA sequences 
similar to human Alu repetitive DNA sequences. These Alu 
sequences (species-specific repetitive sequences) were 
used to identify and ultimately rescue the human gene 
from the mouse transfectant cell line. 

(II) Mouse a(l, 3 ) galactosyltransf erase - Larsen et al , 
Proc. Natl. Aca d. Sci. USA , 86: 8227-8231, 1989. 
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A. ) Kidney cell line expressing SV40 virus large T 
antigen - COS-1 cell line, monkey species. 

B. ) Does not express a ( 1, 3) galactosyltransf erase 
activity. Does not express Gala (1,3) Gal structures on 
cell surface. 

C. ) Does synthesize UDP-galactose, substrate of 
a ( 1 , 3 ) galactosyltransf erase . 

D. ) Does synthesize Gal/3 ( 1 , 4) GlcNAc-R molecules 
that are acceptor substrates for the enzyme, and 
expresses them at cell surface. 

E. ) cDNA/COS-1 cell expression system for cDNA 
libraries - standard technology. 

F. ) cDNA/COS-l cell expression system for cDNA 
libraries - standard technology. 

(Ill) Human Lewis Blood Group a (1, 3/1, 4) fucosyl- 
transferase - J.F. Kukowska-Latallo et al . Genes and 
Development , vol. 4, (1990), pp. 1288-1303. 

A. ) Kidney cell line expressing SV40 large T 
antigen COS-1 cell line, monkey. 

B. ) Does not express significant levels of 
a(l, 3) fucosyltransf erase activity. Does not express 
cell surface Gal£(l,4) [Fuca(l, 3) ]GlcNAc-R structure. 

C. ) Does synthesize GDF-fucose, substrate of 
a ( 1 , 3 ) fucosyltransf erase . 
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D. ) Does synthesize Gal|3(l, 4)GlcNAc-R molecules 
that are acceptor substrates for the enzyme, and 
expresses them at cell surface. 

E. ) CDM 7/C0S-1 cell expression system for cDNA 
libraries - standard technology. 

F. ) CDM 7/C0S-1 cell expression system for cDNA 
libraries - standard technology. 

In the latter stages of selection for this gene, criteria 
C and D were not necessary because pools of cDNA clones were 
screened by transfecting them into C0S-1 cells, and then 
directly assaying extracts prepared from the transfected cells 
for oc(l, 3) fucosyltransf erase activity. 

In one of its embodiments, the present invention provides 
a method for isolating^ a gene encoding a glycosyltransf erase, 
and the gene thus isolated. This glycosyltransf erase may be a 
fucosyltransf erase, a sialyltransf erase, a N- 

acetylglucosaminyltransf erase, a galactosyltransf erase , a N- 
acetylgalactosaminyltransf erase, a mannosyltransf erase , a 
sulfotransf erase, a glucosyltransf erase, an acetylase, or 
another glycosyltransf erase. 

Individual glycosyltransf erases are known to be 
particularly related to different types of sugars transferred 
by the enzyme ( Bever et al r "Glycosyltransf erases and Their 
Use in Assessing Oligosaccharide Structure and Structure- 
Function Relationships" Adv. Enzvmology (1982) 52: 23-175 - 
hereby incorporated by reference) . Thus a particular kind of 
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sugar linkage found on an oligosaccharide, glycoprotein, or 
glycolipid in or on a cell is associated with a particular 
glycosyltransf erase. Methods are known for identifying such 
linkages (see Beyer et al . supra ) . and can be used in 
accordance with the present invention to isolate the gene 
encoding the corresponding glycosyltransf erase* 

Sialyltransf erases, one of the glycosyltransf erase 
provided by the present invention, are associated with the 
following sialic acid linkages: (1) Siaa2— 6Gal; (2) 
Siaa2-3Gal; (3) Siaa2-6GalNac ; (4) Siaa2-6GlcNAc ; (5) 
Siaa2-8Sia; (6) Siaa2-4Gal; and (7) Siaa2-4GlcNAc. 

Fucosyltransf erases, another type of glycosyltransf erases 
provided by the present invention, are asisociated with the 
following^linkages: (1) Fuca ( 1-2 )Gal£-; (2) - " 

GaljS ( 1-3 ) [ Fuca ( 1-4 ) ] GlcNAc£- ; ( 3 ) 

Galfl ( 1-4 ) [ Fuca ( 1-3 ) ] GlcNAc/3- ; ( 4 ) Gal/3 ( 1-4 ) [ Fuca ( 1-3 ) ] Glc ; ( 5 ) 
-GlcNAcjS ( 1-4 ) [ Fuca ( 1-6 ) ] GlcNAc£l-Asn ; ( 6 ) 

-GlcNAc/3 ( 1-4 ) [ Fuca ( 1-3 ) GlcNAc0l-Asn ; (7) Fuca ( 1-6) Gal£-; (8) 
Fuca (1-3) Gal/3-; (a) GlqS 1-3 Fuca i-O-Thr and Fucal-O-Thr/Ser ; 
(10) Fucal-Cer amide; and (11) Fucal-3Fuc. 

N-Acetylglucosaminyltransf erases, also provided by the 
invention, are associated with the following linkages: (1) 
GlcNAc01-4GlcNAc; (2) GlcNAqSl-Asn; (3) GlcNAc01-2Man; (4) 
GlcNAc/3l-4Man; (5) GlcNAc/3l-6Man; (6) GlcNAc01-3Man; (7) 
GlcNAcal— 3Man ; (8) GlcNAc/3l-3Gal; (9) GlcNAc01-4Gal; (10) 
GlcNAc/3l-6Gal; (11) GlcNAcal-4Gal ; (12) GlcNAcal-4GlcNAc ; (13) 
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GlcNAc01-6GalNAc; (14) GlcNAc01-3GalNAc; (15) GlcNAc/3l-4GlcUA; 

(16) GlcNAcal-*4GlcUA; (17) GlcNAcal-4IdUA. 
Galactosyltransf erases, also provided by the invention, 

are associated with the following linkages: (1) Gal01-4Glc; 
(2) Gal/3l-4GlcNAc; (3) Gal/3l-3GlcNAc; (4) Gal01-6GlcNAc ? (5) 
Gal0l-3GalNAc; (6) GaljSl-6GalNAc; (7) Galal-3GalNAc; (8) 
Galal-+3Gal; (9) Galal-4Gal; (10) Ga 10 1-3 Gal; (11) Gal/3l-+4Gal ; 
(12) Gal/3l-6Gal; (13) Gal£l-*4xylose ; (14) Gal/3l-l'- 
sphingosine; (15) Gal01-1 • -ceramide; (16) Gal(8l-3 diglyceride; 

(17) Gal/3l-o-hydroxylysine; and (18) Gal-S-cysteine. 
N-Acetylgalactosaminyltransf erases also provided by the 

invention are associated with the following linkages: (1) 
(GalNAcotl-3) [ (Fucal-*2) ]Gal£-; (2) GalNAcal-*Ser/Thr ; (3) 
GalNAc/3l-4Gal; (4) GalNAq3l-+3Gal; (5) GalNAcal-»3GalNAc ; (6) 
(GalNAc01-+4GlcUA01-3)„; (7) (GalNAc|3l-41dUAal-3-) „; (8) 
-Man/3-K3alNAc-*GlcNAc— Asn . 

Other glycosyltransf erases, also provided by the 
invention, are associated with the following linkages: 
To GalNAc 

Gal£l-3GalNAc 

Galj8l-4GalNAc 

Galctl-3GalNAc 

GlcNAc/3l-3GalNAc 

G lcNAc/3 1 - 6Ga INAc 

Ga INAc a 1 - 3 Ga INAc 

Siaa2-3GalNAc 
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Siaa2-6GalNAc 
To Gal 

Galj3l-3Gal 
Galal-3Gal 

Fucal-2Gal 

GlcNAcj3l-3Gal 

GlcNAc/Sl-4Gal 

GlcNAcj8l-6Gal 

GlcNAcal-4Gal 

G a IN Aca 1 - 3 Ga 1 

GalNAc|Sl-3Gal 

GalNAc/3l-4Gal 

Siaa2-3Gal 
— Siaa2-6Gal 
To Glc 

Manal-6Glc 

Manal-4Glc 
To GlcNAc 

Galj3l-4GlcNAc 

GaljSl-3GlcNAc 

Fuca 1-3 GlcNAc 

Fucal-4GlcNAc 

Glcal-4GlcNAc 

GlcNAca 1 - 4 G 1 cN Ac 

Siaa2-4GlcNAc 
To Sia 
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Siaa2-8Sia 
To Protein 

Ga INAca l -o - s er / Thr 
Still other glycosyltransf erases provided by the 
invention include: 01, 3GlcNAc-01, 3glucuronyltransf erase, 
glucuronic acid-01, 4 -N-acetylglucosaminy Itransf erase, 
asparagine N-acetylglucasaminy Itransf erase, serine 0- 
xylosyltransf erase, xylose 01 , 4 -galactosy Itransf erase, 
galactose 01, 3-galactosyltransf erase, galactose 01,3- 
glucuronyltransf erase, glucuronic acid 01 , 4-N-acetyl- 
galactosaminyltransf erase, N-acetylgalactosamine 01,3- 
glucuronyltransf erase, N-acetylgalactosamine-4- 
sulf otransf erase , N-acetylgalactosamine-6-sulf otransf erase , 
asparagine-^N-acetylglucosaminyltransferase^serine/ threonine- 
aN-acetylgalactosaminy Itransf erase, N-acetylglucosamine-01, 4- 
galactosaminyl transferase, galactose-01, 3-N- 
acetylglucosaminyltransf erase, N-acetylglucosamine-6- 
sulf otransf erase, galactose-6-sulf otransf erase, glucuronic 
acid-al, 4 -N-acetylglucosaminy Itransf erase, N-acetylglucosamine 
01, 4 -glucuronyltransf erase, heparin-N-acetyl-glucosamine-N- 
acetyltransf erase, galactose- 1, 6-N- 

acetylgalactosy Itransf erase , hepar in-N-acety Iglucosamine 
sulf otransf erase, N-acetylglucosamine-al, 4-glucoronyl 
epimerase , N-acety lglucosamine-6-sulf otransf erase , N- 
acety Iglucosaiaine-N-sulf otransf erase , glucurony 1-al , 4 -N- 
acetylglucosaminy Itransf erase, Idurony 1-2 -sulf otransf erase , 
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glucuronyl-j3l, 4-N-acetylgalactosaminyltransf erase, and N- 

acetylgalactosamine-ojl, 3-glucuronyl epimerase. 

These enzymes are associated with the following linkages 
and oligosaccharide structures in connective tissue 
polysaccharides ( Roden, L . "Structure and Metabolism of 
Connective Tissue Proteoglycans," in The Biochemistry of 
Glyc2cograteoproteins and Proteoglycans, Wm. Lennarz, ed* pp. 
267-371 Plenum Press, New York, incorporated herewith by 
reference, in particular the tables on pages 269, 270 and 271 
thereof) . 

The above-noted glycosyltransf erase genes and/ or cDNAs 
are obtained as cloned molecules, or are transferred to host 
cell lines, in accordance with the invention by using the 
post-translational property manifest in the cognate and 
appropriate above-noted characteristic linkages, to isolate a 
cell from which the gene or cDNA library is then created, and 
from which the gene or cDNA encoding the glycosyltransf erase 
is isolated. 

Additional enzymes comprising members of the 
mannosyltransf erase family include a (1,2) 
mannosy Itransf erases , a ( 1 , 3 ) mannosyltransf erases , a ( 1 , 6 ) 
mannosyltransf erases, and 0(1,4) mannosyltransf erases, 
associated with the construction of the linkages formed in 
asparagine-linked oligosaccharides, as exemplified below (and 
as reviewed in Komfeld, F. , and Kornfeld. S. (1985)) 
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" Assembly of asparagine- linked oligosaccharides" Annu. Rev. 
Biochem. 54, pp. 631-664.) 
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Others include ceramide glucosyltransf erase and ceramide 
galacrosyltransf erase r oligosaccharyltransf erase f and O- 
acetylases that O-acetylate N-acetylneuraminic acid (sialic 
acid) . 



Abbreviations: 

Sia; sialic acid IdUA: L-iduronic acid 

Gal; D-galactose GlcUA; D-glucuronic acid 

GalNac; D-N-acetylgalactosamine Xyl; D-xylose 

Glc; D-glucose Ser; serine 

GlcNAc; D-N-acetylglucosamine Thr; Threonine 

Fuc; L-fucose Asn; asparagine — . 

Man ; D-mannose 

In another embodiment, the present invention provides a 
method for obtaining a soluble or a solid-phase 
oligosaccharide, polysaccharide, lipid, or protein. This 
method comprises contacting an oligosaccharide or 
polysaccharide precursor with a fused protein* The enzyme 
used, provided by the present invention, is either an 
unglycosylated glycosyl transferase or a fused protein "whfcE" 
comprises two moieties: as the first moiety, at least the 
catalytically functional domain of a glycosyltransf erase (vjfle 
infra ) ; and f as a second moiety, either a proteinaceous spacer 
attached to the solid support or a proteinaceous component 
comprising an affinity ligand. The enzyme of the invention 
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transforms the precursor into the desired oligosaccharide, 
polysaccharide, glycolipid f or glycoprotein which is thereby 
obtained. 

A notable advantage of the invention is that it may 
provide f in one embodiment , non-glycosylated 

glycosyltransf erases. It is thought to be generally true that 
many (if not all) naturally occurring glycosy transferases are 
glycoproteins. When they are used to produce oligosaccharides 
or polysaccharides from oligosaccharide/polysaccharide 
precursors, the enzymes themselves may be susceptible to 
glycosylation. This (undesired) activity may consume starting 
material and may result in premature loss of enzyme activity. 
The non-glycosylated glycosyltransf erases of the present 
invention do not suffer these salient disadvantages. They may 
be obtained as non-glycosylated enzyme either because they are 
obtained as a product produced in a microorganism deficient in 
the relevant glycosylation mechanism, or in an animal cell in 
which glycosylation of the glycosyltransf erase has been 
suppressed. Suppression of the glycosylation of the 
glycosyltransf erase in an animal cell is obtained by mutating 
the isolated glycosyltransf erase gene using known techniques 
to eliminate the glycosyation sites on the 
glycosyltransf erase. 

The non-glycosylated glycosyltransf erase of the present 
invention can be a non-glycosylated protein corresponding at 
least to the catalytically functional domain of the 
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gly cosy Itransf erase ( vide infra ) and up to a non-glycosylated 
protein corresponding to the whole gene encoding the 
glycosy Itransf erase . 

In another embodiment, the present invention provides a 
fused protein comprising two moieties as set forth above: as 
a first moiety, at least the catalytically functional domain 
of a glycosy Itransf erase; and, as a second moiety, either a 
proteinaceous spacer capable of being attached to a solid 
support or a proteinaceous component comprising an affinity 
ligand. 

Glycosyltransf erases are known to possess three domains 
which correspond to three different areas of the gene encoding 
the enzyme. The area of the gene found at the 3 1 -end of the 
gene is known to encode the catalytically functional domain 
( Lowe . Seminars in Cell Biology . (1991) 2:289-307 hereby 
incorporated by reference) . The fused protein of the present 
invention contains at least this catalytically functional 
domain, but it can contain up to the whole protein sequence. 
The protein is produced fused to the second moiety using known 
techniques . 

The second moiety can be used either to anchor the 
catalytically functional domain onto a solid support, or 
permit its recovery by exploiting the presence of a specific 
affinity ligand on the second moiety. For the second moiety, 
the IgG binding domain of Staph , protein A can be used. Such 
a fusion protein can be bound to an IgG-containing solid phase 
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matrix, such as IgG-Sepharose. A number of other alternative 
proteins can be fused to the catalytically active segments of 
the glycosyltransf erase to effect binding to a solid matrix. 
Such proteins, and their respective matrix-associated 
receptors include streptavidin-biotin, IgG heavy chain-protein 
A f and virtually any other known protein or peptide segment 
for which an antibody exists or can be made. 

In another embodiment, the present invention provides a 
method for producing a recombinant glycoprotein, glycolipid or 
free oligosaccharide using, e.g., either an enzyme obtained in 
accordance with the present invention or a recombinant 
organism obtained in accordance with the present invention* 
For example, specific post-translational glycosylation 
capability can be added to a host cell - by the following stepsT 
first the desired gene or cDNA which has been isolated is 
introduced into a cell by using standard transformation or 
transfection techniques in a manner to obtain an organism 
capable of expression of the transfected cloned gene product; 
the host cell acquires the post-translational capability 
determined by the transfected gene, where the cell did not 
express this capability prior to transaction. Alternatively, 
the approach set forth above is performed, but instead of 
using a single cloned gene that determines post-translational 
capabilities, use is made of uncloned gene segments (high 
molecular weight genomic DNA, for example) or a library of 
cloned genomic DNA fragments or cONA molecules. Transfected 
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cells generated in this manner are then subjected to selection 
methods based upon detection of a newly-acquired desired post- 
translational capability, to isolate clonal cell lines 
expressing this capability. 

In another embodiment, enzymes obtained in accordance 
with the present invention can be used in an in vitro reaction 
to modify cell-surface oligosaccharide molecules. For 
example , the inventor has purified the blood group A UDP- 
GalNAc transferase and its substrate UDP-GalNAc to convert in 
vitro blood group H oligosaccharide determinants on mouse 
cells to blood group A determinants ( Ernst et al , J. Biol. 
Chem. (1989) 264.: 3436-3447) . An analogous scheme can be 
employed using enzymes obtained in accordance with the present 
invention, alone, or in conjunction with other available 
glycosyltransf erases and glycohydrolases, to modify existing 
cell surface oligosaccharide molecules on dead or viable, 
functional eukaryotic or prokaryotic cells, in such a manner 
as to render their cell surface oligosaccharide structures 
relevant for a desired characteristic. 

Such a host cell possessing added specific post- 
translational glycosylation capability "is used iri accordance 
with known recombinant technology to obtain a glycoprotein, 
glycolipid, or free oligosaccharide. This cell being 
characterized by possessing both the post-translational 
glycosylation capability as well as the capability of 
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producing the recombinant glycoprotein, glycolipid, or free 
oligosaccharide. 

These latter embodiments can be used f for example, to add 
novel oligosaccharide molecules to the surface of specific 
kinds of mammalian cells (cells with specific or general 
immune function, for example) for the purpose of targeting 
them to particular tissues or other locations in the body, for 
a therapeutic or diagnostic use. In particular, such modified 
cells could then be targeted to tissues expressing lectin-like 
cell adhesion molecules that specifically recognize particular 
oligosaccharide structures that have been added to the surface 
of the modified cells. 

In another embodiment, the present invention provides a 
method for suppression of glycosylation activity in a cell. 
In this embodiment, specific post-translational glycosylation 
capability is deleted from a host cell. This result can be 
achieved by introducing a specific cloned reagent into a cell 
by standard transformation or transfection techniques, after 
in vitro modifications that (i) inactivate the gene and (ii) 
insert with it or adjacent to it one or more genetically 
selectable markers. Introduction of this modified inactive 
gene effectively replaces the endogenous functional gene via 
homologous recombination, using standard techniques. 

If necessary, two or more rounds of this process can be 
performed to inactivate both wild type genes in a diploid (or 
higher ploidy) organism. The end result is a cell line with 
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(two) non- functional genes not now capable of determining the 
post-translational capability whose elimination was desired. 
Alternatively, the gene obtained in accordance with the 
present invention is introduced to a cell by transformation or 
transf ection f in a state in which it is expressed in an anti- 
sense orientation , using standard techniques. This eliminates 
expression of its cognate wild type gene, via standard anti- 
sense expression methods. Treatment of the cell with anti- 
sense synthetic oligonucleotides, whose sequence (s) is (are) 
derived from the gene obtained in accordance with the present 
invention, can also be used to eliminate expression of the 
cognate wild type gene r again via standard methods. 

Alternatively, the gene obtained in accordance with the 
present invention is introduced into a cell by transformation 
or transf ection, such that the expression of a new post- 
translational modification prevents or eliminates expression 
of an undesired one. This approach turns on the observation 
that the actions of some glycosyltransf erases on common 
acceptor substrates are mutually exclusive, i.e., 
a ( 1 , 2 ) f ucosy lation can prevent a(2,3) siaylation and vice 
versa, or ct(l,3)gaiactosylation can prevent a (2, 3) siaylation, 
and vice versa. 

Addition or deletion of cellular post-translational 
capabilities (including glycosy lation) allows, for example , 
the generation of host cell lines that can be used to produce 
lipids, proteins, or free oligosaccharides of diagnostic or 




-31- 

therapeutic utility, whose specific post-translational 
modifications f including glycosylation, affect their function. 
For example, recombinant proteins such as tissue plasminogen 
activator or erythropoietin normally exists as glycoproteins. 
Should specific oligosaccharide structures on these 
glycoproteins be shown to have beneficial effects on their 
biosynthesis, serum half life, receptor interaction, or other 
function, the reagents and processes provided by the present 
invention can be used to construct hosts that yield 
recombinant proteins with the specific, and functionally 
optimal , oligosaccharide structures . 

This embodiment can be used, for example, to delete 
specific oligosaccharide molecules from the surface of 
specific kinds of mammalian cells (cells with specific or 
general immune function, for example) for the purpose of 
preventing targeting to their normal, physiologic tissues or 
other locations in the body, and thus allow them to be 
targeted to other non-physiologic targets for therapeutic or 
diagnostic use. In particular, such modified cells can be 
shunted away from tissues where they normally act, to tissues 
expressing lectin-like cell adhesion molecules with 
specificities for other kinds of cells. 

In another embodiment, the present invention provides 
gene products in heretofore unavailable amounts. These gene 
products, glycosyltransf erase enzymes, can be used in 
enzymatic reactors to produce glycoproteins, glycolipids, 
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oligosaccharides or polysaccharides of interest. In this 
embodiment, cloned glycosyltransf erase gene segments can be 
used with standard recombinant protein expression systems to 
generate large amounts of the enzyme encoded by the gene. 
These enzymes can be used in bioreactors in in vitro , large 
scale, synthesis of oligosaccharides or glycolipids, or for 
glycosidic modification of proteins and glycoproteins. 

Acceptor oligosaccharides in such a scheme can be derived 
from any of the following: 

(a) commercially available mono-, di- or higher order 
saccharides prepared from natural sources, or by chemical 
synthesis; 

(b) di- or higher order oligosaccharides produced in 
vitro by other recombinant enzymes generated by this process; 
or 

(c) di- or higher order oligosaccharides produced by or 
purified from cell lines whose post-translational capabilities 
have been engineered as described above. 

In this embodiment, two in vitro bioreactor-type 
approaches can be used. In one embodiment, an oligosaccharide 
acceptor and nucleotide sugar substrate" are introduced ~int6~ 
the reactor containing a solid phase matrix to which is bound 
catalytically active glycosyltransf erase. This matrix can be 
generated using the fusion protein noted above which comprises 
a catalytically active moiety, as a soluble segment of the 
glycosyltransf erase, fused to a protein segment that can be 
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used to bind the fusion protein to a solid phase matrix. A 
specific example of such a fusion protein is a catalytically 
active segment of the mouse a (1,3) galactosyltransf erase, 
fused to a segment of the IgG binding domain of Stapfo . protein 
A ( Larsen et al . Proc. Natl. Acad, Sci. fUSAl , 86, 3227-8231, 
1989) . 

Acceptor and nucleotide sugar substrates are incubated in 
such a reactor, at an appropriate temperature, pH, and other 
known conditions, for a length of time sufficient to yield a 
desired amount of oligosaccharide or polysaccharide product. 
The product is then harvested by using known techniques. 

In the variation, the nucleotide sugar substrate and 
soluble glycosyltransferase catalytic domain-containing fusion 
protein is introduced into a reactor containing the 
oligosaccharide acceptor molecule covalently attached (i.e., 
immobilized) to a solid phase matrix. Attachment is carried 
out using known techniques in such a manner as to make 
available to the reaction medium the portion of the 
oligosaccharide acceptor molecule that will be enzymatically 
modified. 

The present invention provides a method for generating 
animal cell lines with specific capabilities for post- 
translational modification of proteins produced by them, as 
well as a method to isolate cloned genes, cloned complementary 
cDNAs, and their mRNAs, that determine the expression or 
biosynthesis of the enzymes responsible for post-translational 
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modification of eukaryotic (e.g. animal f such as mammalian) 
proteins, especially (but not limited to) those post- 
translational processes that construct eukaryotic (e.g. 
animal, such as mammalian) glycoconjugates, without the need 
to first isolate the protein products of these genes. This 
includes cloned genes, cloned complementary cDNAs, and their 
mRNAs, that encode eukaryotic (e.g. animal, such as mammalian) 
enzymes that post-translationally modify proteins by 
glycosylation and sulfation, as well as phosphorylation, 
methylation, fatty acylation, and removal of glycosyl 
modification (glycohydrolases) . 

The uses of the present invention thus include the 
following: ~ 

(i.) Construction of animal cell lines with specific 
post-translational capabilities (for the production of 
diagnostics and therapeutics) • 

This method can be used to construct animal cell lines 
that are suitable host cells for the production of diagnostic 
or therapeutic material whose usefulness or efficacy depends 
upon specific post-translational modifications. For example, 
the biological effectiveness of most therapeutic proteins or 
peptides, recombinant or otherwise, often depends critically 
upon the oligosaccharide structure (s) that are covalently 
attached to them. The structure of these oligosaccharides is 
primarily a function of the number and kind of 



• • • • 
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glycosyltransferase enzymes that are found in the cell used to 
produce these therapeutic products. 

Animal cells and yeasts are competent to perform these 
glycosylation reactions; however, not all glycosyltransf erase 
enzymes are produced by every animal cell or yeast f and 
therefore, some oligosaccharide structures are not produced by 
them. The converse is also true, namely, that the producing 
cell may express some glycosyltransf erases that create 
oligosaccharide structures which prevent effective 
bioactivity. The present invention provides for the creation 
or elimination of specific glycosyltransf erases capabilities 
in producing cells, so that therapeutic effectiveness of 
products made by the cells may be optimized. 

The old methods used for this process include an 
empirical approach to identify a cell line most appropriate 
for the production of the recombinant or natural product. 
This is generally not optimal since cell lines with suitable 
post-translation modification capabilities may not exist 
naturally, or may not be especially suited to high level 
production of an appropriately modified product. 
Alternatively, unwanted post-translational modifications 
present on a therapeutic material produced by an empirically 
identified animal cell line can be removed chemically or 
enzymatically, a process that may be costly or inefficient, < 
both. 
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The advantages of the present methods over the older 
methods include the ability to construct cell lines with 
specific post-translational modification capabilities; 
properly constructed, these cell lines eliminate any need for 
chemical or enzymatic treatment of a therapeutic or diagnostic 
material to remove unwanted post-translational modifications • 
Moreover, cell lines with inappropriate post-translational 
modification capabilities, but that are otherwise excellent 
cells for production, may be modified to achieve correct post- 
translational modification of the product. 

This method allows the construction of animal cell lines 
with post-translational modification capabilities precisely 
tailored to the specific needs of a particular diagnostic or 
therapeutic product produced by animal cells. 

(ii.) Isolation of reagents suitable for efficient 
enzymatic synthesis and production of oligosaccharides (in 
enzyme reactors, for example). 

Oligosaccharides can have therapeutic utility as 
immunomodulatory reagents in the field of organ 
transplantation. In particular, soluble and solid-phase 
oligosaccharides may find use as therapeutic agents with wKfch 
to block or ameliorate antibody-mediated organ transplant 
rejection in cases involving incompatibility due to 
differences in the major blood group antigen systems of the 
organ donor and the recipient. Similarly, soluble 
oligosaccharides can find use as therapeutic agents that 
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f unction by blocking attachment of bacterial, viral , or 
parasitic pathogens to glycoconjugate receptors found on the 
surface of the animal tissues that these pathogens invade* 

Moreover, glycoconjugates have been implicated in 
modulating adhesive events between cells and between cells and 
their environment during developmental and differentiation 
processes* These events included binding of spermatozoa to 
eggs f and the initial events that mediate attachment of 
fertilized ova to the uterine wall at the beginning of 
implantation. These observations show, for example, the 
possibility that contraceptive uses for (biologically 
"natural") oligosaccharide molecules exist. 

Currently, oligosaccharides of defined structure are 
produced by chemical synthesis (a procedure that is 
inefficient and costly) or by isolation from natural sources 
(using costly and inefficient procedures that often require 
the processing of large quantities of animal or plant 
material, and the purif ication of the desired oligosaccharide 
from other contaminating oligosaccharides) . 

The present invention provides a mechanism for the 
isolation of cloned glycosyltransf erase genetic sequences , 
which in turn can be used to economically synthesize abundant 
quantities of purified glycosyltransf erase enzymes. These can 
be used to construct enzyme bioreactors (enzymes in solution 
or immobilized on a solid phase matrix) capable of enzymatic 
synthesis of these structures. 
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This is more efficient than approaches involving the 
chemical synthesis of oligosaccharides or their purification 
from natural sources, for a variety of reasons. One f the only 
chemicals necessary are the enzyme substrates; most of these 
are easily obtained or synthesized. Two, enzymatic synthesis 
produces only the desired product and the nucleotide 
monophosphate or nucleotide diphosphate product of substrate 
hydrolysis. These latter two chemicals are found as the 
natural by-products of these reactions in animal cells, are 
essentially non-toxic f and may be easily separated from the 
oligosaccharide synthetic product. 

By contrast, chemical synthetic procedures typically 
generate numerous products of side reactions which must be 
removed, and which may be toxic as well. Similarly, 
purification of oligosaccharides from natural sources requires 
the removal of other contaminating oligosaccharides present in 
the natural material. 

Three, enzymatic catalysis is extraordinarily efficient; 
virtually complete conversion of substrate to product can be 
achieved. By contrast, chemical synthesis of these structures 
is a multi-step process; yields at each step may be much much 
less than 100%, and the cumulative efficiency of current 
chemical synthesis procedures does not approach the efficiency 
possible with enzymatic synthesis. Similarly, purification of 
oligosaccharides from natural materials can entail significant 
losses inherent to the purification procedures required to 
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separate the desired oligosaccharide from contaminating, 
irrelevant and/or undesirable oligosaccharides, with 
inefficient isolation of the desired oligosaccharide. 

Although glycosyltransf erases for synthetic use may be 
purified from animal tissues, these purifications are 
themselves inefficient, primarily because the enzymes are 
typically present in very low abundance. The present 
invention provides two mechanisms that provide for the 
abundant production of these enzymes. 

First, this can be done through the construction and 
selection of animal cells that produce relatively large 
quantities of the enzymes. Alternatively, this invention 
provides a mechanism to isolate cloned cDNAs - encoding these 
enzymes, or to construct synthetic genes that encode these 
enzymes via information derived from such cloned cDNAs or 
genes. These cloned nucleic acid sequences can then be used 
with standard recombinant DNA technologies to produce large 
quantities of glycosyltransf erases, 

(iii.) Isolation of reagents suitable for producing 
recombinant glycosyltransf erases to be used directly as 
research reagents, or to be used to generate anti- 
glycosyltransf erase antibodies for research applications* 

The present invention provides two mechanisms for 
producing large quantities of these enzymes (see (ii.) above 
i.e., specially constructed animal cells, or via natural or 
synthetic genes encoding these enzymes) which may be used as 
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research tools with which to study the structures and 
functions of oligosaccharides and glycoproteins. Likewise f 
the enzymes produced by this method, or the nucleic acid 
sequence and derived protein sequence provided by this method f 
may be used to generate antibodies to these enzymes (via 
immunization with synthetic peptides whose sequences are 
derived from the cloned enzyme cDNAs or genes, or by direct 
immunization with the recombinant enzymes) . These antibodies 
can also be used as research reagents to study the 
biosynthesis and processing of these enzymes, and can be used 
as an aid in their purification for all the uses described in 
this disclosure* 

(iv.) Antibodies to glycosyltransf erases as diagnostic 
reagents . 

Some of these glycosyltransf erases have been implicated 
as tumor markers in body fluids. The enzymes have typically 
been assayed in these fluids by activity assays, which may be 
subject to non-specificity due to competing 
glycosyltransf erase activity. These assays may also be 
insensitive since it is possible that inactive enzymes might 
be useful as tumor markers but "would not be detected by enzyme 
activity assays. 

The present invention provides a mechanism for generating 
antibodies to these enzymes (monoclonal and polyclonal 
antibodies against synthetic peptides constructed from 
information derived from cloned glycosyltransf erase cDNAs or 



-41- 

genes, against enzymes produced by recombinant 
glycosyltransf erases, or against enzymes produced by animal 
cells constructed by this method) . Anti-glycosyltransf erase 
antibodies specific for particular glycosyltransf erases can be 
produced by this means, and can be used to detect and 
quantitate glycosyltransf erases in body fluids with 
specificity and sensitivity exceeding enzyme activity assays* 

(v.) Engineering of glycosyltransf erase substrate 
specificity to generate novel glycocon jugate structures on 
secreted or cell-associated glycoconjugates. 

The present invention provides reagents (cloned 
glycosyltransf erase genes or cDNAs) and genetic selection 
methods that, when used with appropriate known mutagenesis 
schemes , allow the generation of mutant glycosyltransf erases 
that generate glycosidic linkages different from that 
generated by the wild-type enzyme. These novel linkages may 
or may not be naturally occurring, and find utility as 
moieties that enhance bioactivity of the molecules to which 
they are attached. Alternatively, mutagenesis and selection 
approaches can be used to generate mutant enzymes that act in 
a dominant negative fashion. The dominant negative mutants so 
generated can be used to inactivate endogenous 
glycosyltransf erase activities when the product (s) of such an 
enzyme are not desired. 

This invention allows the isolation of 
glycosyltransf erase genes (as well as genes that direct the 
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synthesis of enzymes that perform the post-translational 
modifications) by methods designed to identify the surface- 
expressed product of the enzyme, and without the need to 
purify the enzyme as is required of standard molecular cloning 
procedures (i.e., without any information about the primary 
structure of the enzyme, and without antibodies directed 
against the enzyme) . 

A consequence of one implementation of this method is the 
generation of cells with specific capabilities for 
glycosylation. One version of the detailed implementation of 
this method is described in the following publications by the 
inventor, J. Biol. Chem. (1989) 264 (6^ : 3436-3447 and J. Biol. 
Chemr— ( 1989 V 2 6 4^-1 9 ) 1 ri l sa - 1 14^7-^- both o^which_are__herein 
incorporated by reference. 

In outline, this version of the method entails the 
generation of cultured animal cell lines with specific 
abilities to construct desired glycoconjugate structures f by 
introducing exogenous genetic material into cells that do not 
express the desired glycosyltransf erase or its product, using 
genetic material from cells that do express the desired 
enzyme. A positive selection procedure is then employed to 
identify transfected cells that express the enzyme product on 
the surface of the cell. The transfected genetic sequences 
responsible for this new phenotype are then isolated by 
standard procedures involving gene library construction and 
nucleic hybridization. This method allows the isolation of 
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the genetic material determining expression of the 
glycosyltransf erase without the need to purify the enzyme. 

Although detection and isolation of these sequences by 
hybridization procedures involving a dispersed and repetitive 
human DNA sequence (Alu) is used to illustrate isolation of 
the gene, other methods may be used to "tag" transfected 
sequences, including but not limited to the ligation to the 
transfected DNA of DNA markers that allow identification and 
isolation of the desired genes by nucleic acid hybridization 
or genetic selection (supF or G418 resistance "Neo" sequences, 
for example) procedures. Three methods for the selection of 
transfected cells with the appropriate phenotype, flow 
cytometry, "rosetting", and "panning", are described in 
Examples I, II , and III. Although an antibody specific for 
the enzyme product was used in the examples, other non- 
antibody reagents that specifically recognize surface 
expressed enzyme products may also be employed, including 
plant and animal lectins. 

The enzymes provided by the present invention are imbued 
with certain unique characteristics, as compared to the 
corresponding native enzyme. Naturally-derived 
glycosyltransf erases have been purified, with certain claims 
being made to the homogeneity of the product obtained. 
Nonetheless, such claims of homogeneity have been made based 
upon analyses of the preparations by SDS-polyacrylamide gel 
electrophoresis methods. In the older literature (i.e., pre- 
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1982) the homogeneous enzyme was identified in the gel by 
Coomassie blue staining, or other staining methods, that are 
notably less sensitive than contemporary silver staining 
approaches. It is thus almost certain that such preparations 
were less than homogeneous. 

In more contemporary literature, three 
glycosyltransf erases have been analyzed by silver staining 
methods (i.e., rat sialyl-T, GlcNAc-T-I and GlcNAc-T-II) . 
These appear to be virtually free of contaminant proteins. 
Nonetheless the small amounts of final pure proteins obtained 
using these purification procedures were analyzed using the 
sensitive silver staining method, which is not sufficiently 
sensitive to detect levels' of contaminants— of roughly 5 to 10 
wt.%, in the small amounts of pure protein available. Thus, 
prior to the present invention, glycosyltransf erases having a 
level of purity of at least 95 wt.%, preferably at least 98 
wt.% were not available. The present recombinant 
glycosyltransf erases which are obtained using cloned 
glycosyltransf erase DNA sequences, in large amounts, in 
soluble form, or fused to an af f inity-purif iable protein 
segment, can be obtained in a truly, Heretofore unavailable" 
homogeneous state • 

The proteins provided by the present invention, as noted 
above, may also be distinguished from heretofore available 
proteins by the fact that they can be made in a non- 
glycosylated form. Many, if not all naturally-derived 
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glycosyltransf erases are glycoproteins, that is, they contain 
themselves one or more N-linked and/or o-linked 
oligosaccharide structures- These structures can themselves 
be glycosylated by the enzyme itself in an enzymatic reactor, 
for example, and this represents a competing acceptor 
substrate which could reduce the efficiency of the reaction 
and contribute to premature enzymatic activity loss. This 

"autoglycosylation 11 phenoma has the potential of either 

inactivating or reducing the catalytic efficiency of the 

enzyme and/ or bioreactor. 

Cloned glycosyltransferases provide a way to circumvent 

this problem. Firstly, expression of cloned 

glycosyltransferases in a bacteria host, such as E. coli, that 
is incapable of glycosylating these enzymes, will yield large 
amounts of non-glycosylated glycosyltransferases. These 
recombinant proteins can be used in a bioreactor, and since 
they are not themselves glycosylated, may be superior in 
performance to the naturally derived, glycosylated enzymes for 
the reasons noted above. 

Alternatively, if it is necessary to express these 
enzymes in an eukaryotic cell host that is capable of 
glycosylating the recombinant enzyme, standard site-directed 
mutagenesis approaches can be used to eliminate from the 
recombinant protein the amino acid signals that allow animal 
cells to glycosylate the enzymes. These known signals include 
certain asparagine residues, falling within the N-X-T or N-X-S 
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motif that allows asparagine-linked glycosylation f and also 
includes some serine and threonine residues that are 
substrates for O-linked glycosylation. 

Standard mutagenesis methods can be used to alter the DNA 
sequence encoding the glycosyltransf erase to either delete the 
codon that encodes these N, S or T residues, or change the 
respective codon to a codon that determines an amino acid with 
similar physical properties , but that is incapable of 
supporting N-linked or O-linked glycosylation. 

The present invention also provides unique mutant 
recombinant glycosyltransf erases . Isolation and expression of 
glycosyltransf erase genes and cDNAs offers the opportunity to 
generate mutant glycosyltransf erases with properties superior 
to the fixed properties inherent in the naturally occurring 
enzymes. Standard techniques based upon site-directed f or 
random mutagenesis, can be used to obtain mutant 
glycosyltransf erases with some of the illustrative properties: 

(1) Minimal catalytic domain: progressive deletion of 
amino acids from the glycosyltransf erase protein can be 
achieved, and the resulting mutant glycosyltransf erases can be 
tested for activity. Based upon known functions for different 
parts of these molecules, it can be predicted that a 
catalytically active mutant glycosyltransf erase can be 
produced that is (a) soluble (lacks transmembrane segment on 
natural glycosyltransf erases that render them insoluble and 
thus unsuitable for bioreactors) , and (b) much smaller than 
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the natural glycosyltransf erase (which retains transmembrane 
segment and the "stem" region, neither of which are necessary 
for catalytic activity) . 

On a protein mass basis, small catalytically-active 
domains derived from mutated glycosyltransf erase genes or 
cDNAs represent more catalytic activity than the larger, 
naturally occurring glycosyltransf erases that carry along non- 
catalytically active transmembrane and/or stem region protein 
"baggage.' 1 Thus, the recombinant mutant-derived catalytic 
domain is much more efficient for use in vitro synthesis of 
oligosaccharides, and by a reactor for example. 

Approaches to amplification of mRNA for glycosyltran sf erases; 

The cell line used as a source of genetic material (mRNA 
for cDNA library construction, or genomic DNA for genomic 
library construction or genomic DNA transf ection) for gene 
transfer to isolate a glycosyltransf erase gene can be 
manipulated to optimize this process. Selection can be 
applied to this cell line to enhance steady state levels of 
the glycosyltransf erase mRNA, and/ or amplify its respective 
gene so that multiple copies of it exist in this donor cell. 
This can be done by subjecting the cell line (either after or 
without chemical, radiation, or other mutagenesis method) to a 
selection procedure that selects a variant of the cell that 
expresses higher amounts of the glycosyltransf erase 
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oligosaccharide product, at the surface of the cell, for 
example. This type of approach is illustrated in Example II, 

Increased numbers of the oligosaccharide product 
molecules correlate with increased numbers of the cognate 
glycosyltransf erase (s) enzyme molecules within the cell f and 
with an increase in steady state levels of the 
glycosyltransf erase mRNA. Higher levels of this 
glycosyltransf erase mRNA means that more copies of the 
respective cDNA will be present in a cDNA library prepared 
from the high-expression variant cell line, and thus will 
increase the likelihood of rescuing these glycosyltransf erase 
cDNAs from the library * In some cases, higher levels of the 
specific mRNA can be associated -with an incr-ease_in Jihe number 
of copies of the cognate glycosyltransf erase gene. Since such 
an amplified glycosyltransf erase gene is more abundant in the 
cell's genome than other irrelevant genes, and more abundant 
than in a parental, non-selected cell line, it is easier to 
isolate by genomic DNA library or genomic DNA transfection 
approaches . 

It can be shown by transfection studies that expression 
of some oncogenes can increase expression of some ~ " 
glycosyltransf erases. Thus a cell line can be modified by 
transfection with one or more oncogenes, using standard 
transfection methods, and readily available vectors containing 
oncogenes, and resultant transfected clones can be assayed for 
increased glycosyltransf erase levels. Such clones can also be 
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identif ied or selected for by FACS or lectin selection methods 
outlined in Examples I, II , and III below. These clones can 
then be used for cDNA library preparation as noted above • 

A number of chemical reagents have been shown to induce 
expression of, or increase expression of , 

glycosyltransf erases f in cell lines. This may be associated 
with in vitro differentiation of the cell line f and such 
agents include retinoic acid f as well as dimethylsulphoxide- 
induced differentiation of human and mouse hematopoietic 
precursors, with concomittant increases in the expression of 
some glycosyltransf erases . This occurs because of an increase 
in the steady state level of mRNA for the glycosyltransf erase 
in question, and can be used to enhance the ability to isolate . 
a cognate cloned cDNA using the cDNA library-mediated 
transfection approach (as shown in Example II f below) . 

An alternative approach for the isolation of genes or 
cloned cDNAs that encode animal glycosyltransf erases (or other 
post- trans lational modification enzymes) , by detecting the 
enzyme product at the cell surface, and without the need to 
purify the enzyme, is as follows: cDNA libraries are 
constructed in a plasmid or phage vector that will express the 
cloned cDNAs in a mammalian or yeast host, using mRNA prepared 
from cells or tissue that expressed the desired enzyme* This 
cDNA library is then screened for the desired cDNA by 
introducing the library into a host cell line that does not 
express significant amounts of the enzyme, nor its surface- 
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expressed product, but that does have the necessary enzyme 
substrate molecules, and which is capable of displaying the 
enzyme's oligosaccharide product on its surface. The host 
cells which have taken up the cDNA library are subjected to 
selection for cells that contain the desired cDNA and thus 
express the new corresponding oligosaccharide product, using 
flow cytometry , resetting, or panning, and a reagent specific 
for the enzyme's oligosaccharide product. Cloned cDNAs that 
direct the expression of the desired enzyme may then be 
isolated from the seiecred cells by standard methods. 

This approach may be used with the following techniques: 

1. Stable transfection into animal cells, selection, 
^followed" "by rescue of the desired clone cDNA^by nucleic^acid 

hybridization procedures, or by the COS cell fusion technique, 
depending on the vector used* 

2. Transient transfection into COS or WOP cells, 
selection, followed by rescue of the desired clone cDNAs, by 
the method of Seed , Proc. Nat 1 !. Acad. Sci. (USA) (1987) 

84- : 3365-3369 , or similar methods that make use of cDNA cloning 
vectors that replicate as episomes in mammalian cells (i.e. 
Maraolskee et al . Mol. Cell. Biol. . (1988) 8:2837-2847. 

3. Transformation of yeast cells, selection, followed by 
rescue of the desired cloned cDNA by nucleic acid 
hybridization procedures. 

In addition, the mammalian cDNA expression libraries may 
also be screened by the sib selection method, using an enzyme 
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assay to detect pools of cDNA molecules that contain cloned 
cDNAs encoding the relevant glycosyltransf erase (or other 
enzyme involved in post-translational modification) • 
Specifically, a cDNA library is constructed in a mammalian 
expression vector (plasmid or phage) , using mRNA prepared from 
a cell that expresses the appropriate glycosyltransf erase. 

This library is then screened by first dividing it into 
pools of bacteria cells containing clones, each pool 
representing some fraction of the library, but the pools in 
aggregate representing the entire library. A portion of each 
pool is stored, and the remainder (containing sibs of the 
stored clones) is processed for cDNA-vector DNA molecules 
(i.-e^-plasmid- or phage DNAs) . The— DNA prepared from each pool 
is separately introduced into one of the appropriate host 
cells described above (see 1, 2, and 3), and, after allowing 
for an appropriate expression time, extracts are prepared from 
the transfected or transformed host cells and these extracts 
are assayed for the appropriate glycosyltransf erase activity. 

The smallest pool that is thus found to contain plasmids 
directing the synthesis of the appropriate enzyme is retrieved 
from storage and subdivided. Again, a "representative p"ortton 
of these pools is stored, and the remainder (again containing 
sibs of the stored clones) of each is processed for plasmid 
DNA, transfection or transformation, expression, extract 
preparation f and enzyme assay. This process is repeated until 
single clones are isolated that direct expression of the 
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relevant glycosyltransf erase. Thus, this process does not 
rely upon surface expression of the enzyme product to isolate 
the appropriate cloned cDNA or gene. A version of this 
approach is presented in Example III. 

The procedure used in the present invention need not be 
restricted by the genetic complement of the host; the gene 
transfer aspect of this invention allows expression of genes 
not normally expressed or even present in the recipient cell. 
Although the present text specifically illustrates application 
to glycosyltransf erases , it may be applied to the enzymes and 
genes that control other forms of post-translational 
modification , including sulfation, phosphorylation, 
methylation, fatty acylation, and removal of glycosyl 
modification (glycohydrolases) . 

The method described to this point involves isolation of 
glycosyltransf erase genes or cDNAs by selection for a dominant 
glycosylation trait. The transient expression system 
described for use in COS or WOP cells can also be used to 
identify and clone cDNAs homologous to glycosyltransf erase 
transcripts already present in the COS or WOP host. 

Specifically, cloned cDNAs transcribed in the "anti- 
sense" orientation may eliminate expression of the cognate 
glycosyltransf erase in the COS or WOP host, resulting in a 
recessive glycosylation trait. These DNA sequences can then 
be isolated by selection for surface expression of the 
oligosaccharide linkage recognized by the glycosyltransf erase 
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whose expression was eliminated , again by the procedures 
described below (flow cytometry, "resetting" , and "panning"), 
as detailed in Examples I, II r and III. Alternatively, the 
sib selection approach might be used to identify cloned cDNA 
molecules that decrease or eliminate the expression of an 
endogenous glycosyltransf erase, as determined by enzyme 
assays . 

The DNA sequences and corresponding glycosyltransf erases 
of the present invention are summarized in the following 
Table. 
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SEQ ID NO:l encodes a protein sequence termed Fuc-TIII 
capable of functioning as a GDP-Fuc: (jS-D-Gai ( 1 , 4 / 1 , 3 ) ] -D- 
GlcNAc(/Glc) a (1,3/1, 4) -fucosyltransferase. This protein is 
an enzyme that can be used to construct the oligosaccharide 
"ligand" for Endothelial Leukocyte Adhesion Molecule- 1 (ELAM- 

1) that is disclosed in Applicant's co-pending U.S. Patent 
Application Serial No. 07/603,018, filed October 25, 1990, 
which is hereby incorporated by reference. This ligand is the 
sialyl-Lewis x molecule. Also, this enzyme, when expressed by 
the cloned DNA sequence described here, functions within 
mammalian cells to generate de novo expression of specific 
cell surface glycocon jugate structures on those cells. These 
structures are recognized by antibodies against the following 
cell surface glycocon jugate structures (See Fig. 8 and Table 

2) . 



SSEA-1 or Lewis x Gal£ ( 1 , 4 ) [Fuca ( 1 , 3 ) ] GlcNAc 

sialyl-Lewis x NeuAca (2,3) Gal/3 ( 1 , 4 ) [ Fuca (1,3)] GlcNAc 

Lewis a Gal/3(1, 3) [Fuca(l, 4) ]GlcNAc 

sialyl-Lewis a NeuAca(2,3)Gal0(l, 3) [Fuca(l, 4 n GlcNAc. 

In the above DNA sequence; (I) , the sequence corresponding 
from amino acid position 43 to amino acid position 3 61 is 
functional, but a larger sequence of up to. the whole sequence 
shown can be used. 

This enzyme, when expressed by the cloned DNA sequence 
described here, functions in the enzymatic manner indicated in 
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its name, when assayed in extracts prepared from cells that 
express the DNA sequence (See Table 2) . The oligosaccharide 
product of this enzyme represents fucose linked in alpha l f 3 
configuration to neutral or a (2, 3) sialylated "type II" 
acceptors, or fucose linked in alpha 1,4 configuration to 
neutral or a (2,3) sialylated "type I" acceptors as shown 
below: 



SSEA-1 or Lewis x Gal/3 ( 1 , 4 ) [Fuca ( 1 f 3 ) ]GlcNAc 

sialyl-Lewis x NeuAca ( 2 , 3 ) Gal/3 ( 1 , 4 ) [Fuca (1,3) ]GlcNAc 

Lewis y Fuca ( 1 , 2) Gal/3 ( 1 , 4 ) [Fuca ( 1 , 3 ) ] GlcNAc 

Lewis a GaljS ( 1 , 3 ) [Fuca ( 1 , 4) ]GlcNAc 

sialyl-Lewis a NeuAca ( 2 , 3 ) Gal/3 ( 1 , 3 ) [Fuca ( 1 , 4 ) GlcNAc 

Lewis b Fuca ( 1 , 2 ) Gal/3 ( 1 , 3 ) [Fuca ( 1 , 4 ) ] GlcNAc. " 

Throughout the remainder of this text, these products will be 
referred to as sub-terminal a(l,3) and a (1,4) fucose residues. 

The catalytic domain of this enzyme has also been 
localized by expression studies. The enzymatic properties of 
the enzyme encoded by this cDNA, and chromosomal localization 
studies, indicate that this cDNA is the product of the human 
Lewis blood group locus. 

This DNA sequence and the corresponding protein have the 
following uses: 

(i.) Construction of animal cell lines with specific 
capabilities with respect to post-translational modification 
of the oligosaccharides on cell-surface, intracellular, or 
secreted proteins or lipids by sub-terminal a(l f 3) and a(l f 4) 
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fucose residues that represent the products of this enzyme 
(for the production of diagnostics and therapeutics) . 

Specifically, the present cloned DNA sequence can be 
introduced by standard technologies into a mammalian cell line 
that does not normally express the cognate enzyme or its 
product (sub-terminal a (1,3) and a(l f 4) fucose residues on 
oligosaccharides) , and transcribed in that cell in the "sense" 
direction, to yield a cell line capable of expressing sub- 
terminal a (1,3) and a (1,4) fucose residues on oligosaccharides 
on cell-surface, intracellular, or secreted glycoproteins or 
lipids • 

Alternatively, this cloned DNA sequence may be introduced 
— b^s:tandar_d_ technologies into, a jnammali an ce ll line that does 
express the cognate enzyme and its product (sub-terminal 
a (1,3) and a (1,4) fucose residues), and transcribed in that 
cell in the "anti-sense" direction, to yield a cell line 
incapable of expressing sub-terminal a (1,3) and a (1,4) fucose 
residues on cell-surface, intracellular, or secreted glyco- 
proteins or lipids ♦ 

Alternatively, the endogenous GDP-Fuc: [j3-D-Gal (1, 4/1, 3) ]- 
D-GlcNAc(/Glc)a(l,3/l,4)-fucosyltransferase gene<s) , in a 
mammalian cell expressing the cognate enzyme (s) , can be 
inactivated with the DNA sequence described here by homologous 
recombination techniques, or by "anti-sense" gene expression 
or oligonucleotide approaches based upon the DNA sequence 
described herein, or by dominant negative mutant 
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fucosyltransf erase sequences that inactivate endogenous GDP- 
Fuc : [/3-D-Gal ( I , 4 / 1 , 3 ) ] -D-GlcNAc ( /Glc) a ( 1 , 3 / 1 , 4 ) - 
fucosyltransf erase ( s ) and that may be derived via mutagenesis 
and genetic selection schemes, in conjunction with the 
sequence information in this text. 

This method can be used to construct animal cell lines 
that are suitable host cells for the production of diagnostic 
or therapeutic materials whose usefulness or efficacy depends 
upon the specific post-translational modification determined 
by this cloned DNA sequence and its cognate enzyme. For 
example, it is known that the biological effectiveness of many 
therapeutic proteins or peptides, recombinant or otherwise, 
may depend critically upon the oligosaccharide structure (s) 
that are covalently attached to them. The structure of these 
oligosaccharides is primarily a function of the number and 
kind of glycosyltransf erase enzymes that are found in the cell 
used to produce these therapeutic products. 

Animal cells and yeasts are competent to perform these 
glycosylation reactions; however, not all glycosyltransf erase 
enzymes are produced by every animal cell or yeast, and 
therefore, some oligosaccharide structures (including sub- 
terminal a (1,3) and a (1,4) fucose residues generated by the 
enzyme encoded by the DNA sequence described here) are not 
produced by them. 

The converse is also true, namely, that producing cells 
may express a glycosyltransf erase analagous to, or identical 
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to, the GDP-Fuc: [jS-D-Gal ( 1 , 4/ 1 , 3 ) ] -D-GlcNAc ( /Glc) a ( 1 , 3 / 1 , 4 ) - 
Fucosyltransf erase encoded by the DNA sequence described here* 
It is likely that sub-terminal a (1,3) and a (1,4) fucose 
residues alter the bioactivity (for better or for worse) of 
natural or recombinant therapeutic or diagnostic agents 
(glycoproteins or glycolipids) produced by mammalian or other 
eukaryotic hosts. Eukaryotic host cells that are used to 
produce these recombinant agents can be altered with the DNA 
sequence information and related information described in this 
invention, to add subterminal a (1,3) and a (1,4) fucose 
residues to the oligosaccharides on recombinant product by 
expressing all or part of the cloned sequences described here 
in-the-desired host. Alternatively , sub-terminal a (1,3) and 
a (1,4) fucose residues may be eliminated from the product 
produced in these host cells by the use of transfected "anti- 
sense" vector constructs, recombination-based gene 
inactivation, "anti-sense" oligonucleotide approaches, or 
dominant negative mutant fucosyltransf erases , outlined above. 

The old "methods" used for this process include an 
empirical approach to identify a cell line that does or does 
not express this particular enzyme or "an enzyme that f uhcClCTis 
in a similar or identical manner, for the production of the 
appropriately modified recombinant or natural product. This 
is not always optimal since cell lines with this particular 
post-translation modification capabilities may not exist 
naturally, or may not be especially suited to high level 
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production of an appropriately modified product. 
Alternatively, unwanted sub- terminal a (1,3) and a (1,4) fucose 
residues present on a therapeutic material produced by an 
empirically identified animal cell line must be removed 
chemically or enzymatically, a process that may be costly or 
inefficient. 

The advantages of using the cloned, functional DNA 
sequence described here in conjuntion with the technologies 
outlined above, relative to these older methods, include the 
ability to construct lines that specifically lack the 
capability to generate sub-terminal a (1,3) and a (1,4) fucose 
residues on the oligosaccharides of glycoproteins and 
glycoli^ids ^proper ly constructed, these cell lines will 
eliminate any need for chemical or enzymatic treatment of a 
therapeutic or diagnostic material to remove unwanted sub- 
terminal a (1,3) and a (1,4) fucose residues. Moreover, in the 
event that sub-terminal a (1,3) and a (1,4) fucose residues are 
found to be desirable for a particular diagnostic or 
therapeutic product produced by animal cells, cell lines may 
be engineered with the cloned DNA sequence described here to 
generate these residues. 

(ii.) Isolation of reagents suitable for efficient 
enzymatic synthesis and production of oligosaccharides (in 
enzyme reactors, for example). 

Oligosaccharides have therapeutic utility as 
immunomodulatory reagents in the field of organ 
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transplantation. In particular, soluble and solid-phase 
oligosaccarides find use as therapeutic agents with which to 
block or ameliorate antibody-mediated organ transplant 
rejection in cases involving incompatibility due to 
differences in the major blood group antigen systems of the 
organ donor and the recipient, including the Lewis blood group 
system. Likewise, soluble oligosaccharides may find use as 
therapeutic agents that function by blocking attachment of 
bacterial, viral, or parasitic pathogens to glycocon jugate 
"receptors" found on the surface of the animal tissues that 
these pathogens invade. 

For example there is evidence that portions of the Lewis 
blood group oligosaccharide antigen (containing sub-terminal 
a (1,3) and a (1,4) fucose residues) serve as "receptors" for 
some forms of uropathogenic bacteria. Moreover, 
glycocon jugates, including subterminal a (1,3) and a (1,4) 
fucose residues, have been implicated in modulating adhesive 
events between cells, like leukocyte-ELAM-1 interactions, and 
between cells and their environment during developmental and 
differentiation processes. These events include binding of 
spermatozoa to eggs, and the initial events that mediate 
attachment of fertilized ova to the uterine wall at the 
beginning of implantation. These observations suggest, for 
example, the possibility that contraceptive. uses for 
(biologically "natural") oligosaccharide molecules might 
exist. Oligosaccharide molecules constructed by this enzyme 
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can disrupt leukocyte- ELAM interactions and thus function as 
anti- inflammatory agents. 

Currently, oligosaccharides containing subterminal a (1,3) 
and a(l,4) fucose residues are produced by chemical synthesis 
(a procedure that is inefficient and costly or both) or by 
isolation from natural sources (using costly and inefficient 
procedures that often require the processing of large 
quantities of animal or plant material, and the purification 
of the desired oligosaccharide from other contaminating 
oligosaccharides) , 

The invention described here provides a mechanism to 
synthesize abundant quantities of purified GDP-Fuc: [/3-D- 
Gal {l^JJJ. , 3 ) ] -D-G lcNAcX/„G-lC-VcM 1,3/ l+A) -Fucosyltransf erase, 
Fuc-TIII. This can be used to construct an enzyme bioreactor 
(enzyme in solution or immobilized on a solid phase matrix, 
for example via the protein-A moiety fused to the catalytic 
domain of the enzyme (as described in Kukowska-Latallo et aL 
Genes Devel. , (1990) 1:1288-1303) capable of enzymatic 
synthesis of structures containing sub-terminal a (1,3) and 
a ( 1 , 4 ) fucose res idues . 

This is more efficient than approaches involving chemical 
synthesis of structures containing sub-terminal a (1,3) and 
a (1,4) fucose residues or their purification from natural 
sources, for a variety of reasons. One, the only chemicals 
necessary are the enzyme substrates and co-factors; these are 
easily obtained or synthesized. Two, enzymatic synthesis of 
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such structures will produce only the desired product and the 
nucleotide diphosphate product of substrate hydrolysis. This 
latter chemical is found as the natural by-product of these 
reactions in animal cells, is relatively non-toxic P and may be 
easily separated from the oligosaccharide synthetic product. 
By contrast, chemical synthetic procedures typically generate 
numerous products of side reactions which must be removed, and 
which may be toxic as well. Similarly, purification of 
oligosaccharides from natural sources requires the removal of 
other contaminating oligosaccharides present in the natural 
material. 

Three, enzymatic catalysis is extraordinarily efficient; 
nearly or totally complete conversion of substrate to product 
might be achieved. By contrast, chemical synthesis of sub- 
terminal ct(l,3) and a (1,4) fucose residues on oligosaccharides 
is a multi-step process; yields at each step may be much less 
than 100%, and the cumulative efficiency of current chemical 
synthesis procedures does not approach the efficiency possible 
with enzymatic synthesis. Similarly, purification of 
oligosaccharides with sub-terminal a (1,3) and a (1,4) fucose 
residues from natural materials" can entail significant "losses 
inherent to the purification procedures required to separate 
the desired oligosaccharide from contaminating, irrelevant 
oligosaccharides, with inefficient isolation of the desired 
oligosaccharide , 



Although the GDP-Fuc: [jS-D-Gal (1, 4/1, 3) ] -D-GlcNAc ( /Glc) 
<*(1, 3/1, 4) -fucosyltransf erase encoded by the DNA sequence 
described here may be isolated from animal tissues for 
synthetic use, these purifications are themselves inefficient, 
primarily because the enzyme is typically present in very low 
abundance . 

This invention provides two mechanisms that provide for 
the abundant production of this enzyme. First, this may be 
done through the construction and selection of animal cells 
that produce relatively large quantities of the enzymes. 
Alternatively, this cloned nucleic acid sequence may be used 
with standard recombinant DNA technologies to produce large 
quantities of the fucosyltransf erase in -yeasts- or— in 
prokaryotic hosts. Furthermore, the sequence encoding this 
enzyme may be modified via standard molecular cloning schemes 
or mutagenesis to yield a recombinant fucosyltransf erase with 
novel properties that make it more desirable than the 
wild- type enzyme. 

For example, modifications can be made to the enzyme that 
make it more stable, or more suitable for immobilization in a 
bioreactor. 

(iii.) Isolation of reagents suitable for producing 
recombinant GDP-Fuc: [£-D-Gal(i, 4/1, 3) ]-D~GlcNac(/Glc) 
a(l, 3/1, 4) -fucosyltransf erase to be used directly as a 
research reagent, or to be used to generate antibodies against 
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the GDP-Fuc: [j3-D-Gal(l,4/l,3) ] -D-GlcNAc ( /Glc) a(l, 3/1,4)- 
fucosyltransf erase, for research applications. 

This invention provides two mechanisms for producing 
large quantities of this enzyme (see ii. above - i.e., 
specially constructed animal cells, or via natural or 
synthetic genes encoding these enzymes) which may be used as a 
research tool with which to study the structures and functions 
of oligosaccharides and glycoproteins. Likewise, the enzyme 
produced by this method, or the nucleic acid sequence and 
derived protein sequence provided by this method, may be used 
to generate antibodies to this enzyme (via immunization with 
synthetic peptides whose sequences are derived from the cloned 
gene ( s ) or cDNA ( s ) or ^by— immunization _ with_j£he recombinant 
enzyme itself) • These antibodies might also be used as 
research reagents to study the biosynthesis and processing of 
these enzymes, and can be used as an aid in their purification 
for all the uses described in this text. 

(iv.) Antibodies to glycosyltransf erases as diagnostic 
reagents . 

Aberrant expression of GDP-Fuc: (/3-D-Gal(l, 4/1,3) ]- 
D-GlcNac(/Glc) a (l, 3/1, 4) -f ucosyltransf erase has been 
associated with malignancy in humans, suggesting that this 
enzyme might serve as a tumor marker for early detection of 
malignancy involving a number of human tissues. Enzyme tumor 
markers have typically been assayed in body fluids by activity 
assays, which may be subject to non-specificity due to 
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competing or similar glycosyltransf erase activity. These 
assays may also be insensitive since it is possible that 
inactive enzymes might be useful as tumor markers but would 
not be detected by enzyme activity assays. 

This invention provides a mechanism for generating 
antibodies to this enzyme (monoclonal and polyclonal 
antibodies against synthetic peptides constructed from 
information derived from cloned DNA sequence encoding GDP-Fuc: 
/3-D-Gal ( 1 , 4 / 1 , 3 ) ] -D-GlcNac ( /Glc) 

a(l, 3/1, 4) -fucosyltransf erase, or against the recombinant 
enzyme produced by eukaryotic or prokaryotic hosts) . 
Antibodies specific for this GDP-Fuc: [ £-D-Gal ( 1 , 4 / 1 , 3 ) ] - 
— 0-GlcNac(/Gic-) ac(l, 3/1, 4 ) -ft*cosyltransf erase-produced could be 
used to detect and quantitate this glycosyltransf erase in body 
fluids, with specificity and sensitivity exceeding enzyme 
activity assays, and with the possibility of serving as a 
tumor marker for early detection of malignancy, 

(v.) Recombinant enzyme for use in screening natural and 
synthetic compounds for fucosyltransf erase inhibitors or 
inactivators. 

A number of studies have noted an" association between 
increased numbers of cell surface sub-terminal a (1,3) and a 
(1,4) fucose residues on oligosaccharides of a cell and the 
ability of that cell to metastasize in a malignant fashion. 
If there is a causal relationship, then drugs that inhibit the 
enzyme encoded by the sequence in this text could be active as 
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anti-tumor agents. Likewise, numerous recent studies have 
implicated sialylated and neutral oligosaccharides containing 
subterminal a (1,2) and a (1,4) fucose linkages in mediating 
adhesion of leukocytes to the selectin adhesion molecules 
(ELAM-l; GMP-140; Mell4/LAM-1) during inflammation. These 
studies suggest that molecules capable of preventing synthesis 
of a(l f 3) and a (1,4) fucose linkages on leukocytes may thus 
function to diminish or even eliminate the ability of 
leukocytes to synthesize and display subterminal a (1,3) and 
a (1,4) fucose linkages, and would thus represent anti- 
inflammatory pharmaceutical agents. The reagents described in 
this text are useful for screening to isolate compounds or 
identify compounds that exhibit antifucosyltransf erase 
activity, since the cloned sequence may be used with standard 
techniques to produce relatively large amounts of pure 
fucosyltransf erase. This further aids in screening since the 
effects of potential inhibitors will be tested on a pure 
enzyme, without the confounding effects that may occur in 
whole cell extracts or with partially purified enzyme. 

(vi.) Engineering of glycosyltransf erase substrate 
specificity to generate novel glycocon jugate structures on 
secreted or cell-associated glycoconjugates. 

This invention provides a reagent a) cloned GDP-Fuc: [/?- 
-D-Gal (1,4/1,3)] -D-GlcNac ( /Glc) a ( 1 , 3 / 1 , 4 ) -Fucosyltransf erase 
cDNA) and the genetic selection method used to isolate it, 
that, when used with appropriate mutagenesis schemes, may 
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allow the generation of mutant GDP-Fuc: [/3-D— Gal (1,4/1,3) ] -D— 
GlcNac(/Glc) a (1,3/1, 4) -Fucosyltransf erases that generate 
glycosidic linkages different from that generated by the 
wild-type enzyme. These novel linkages may or may not be 
naturally occurring, and might find utility as moieties that 
enhance bioactivity of the molecules to which they are 
attached. 

Alternatively, mutagenesis and selection approaches may 
be used to generate mutant GDP-Fuc: [/3-D-Gal (1,4/1,3) ] -d— 
GlcNac(/Glc) a ( 1 , 3 / 1 , 4 ) -Fucosyltransf erases that act in a 
dominant negative fashion. The dominant negative mutants so 
generated can be used to inactivate endogenous 
glycosyltransf erase activities when the product (s)_ of such an 
enzyme are not desired. Mutant GDP-Fuc: [jS-D— 
Gal (1,4/1,3)] -D-GlcNac ( /Glc) a ( 1 , 3 / 1 , 4 ) -Fucosyltransf erases 
can also be generated, for example, that function as 
fucosidases that hydrolyze various sugar linkages (fucose, 
mannose, or others) from oligosaccharides in vitro and in 
vivo. 

(vii.) Genotyping individuals for the Lewis locus. 

DNA sequence polymorphisms within or linked to the gene 
corresponding to this cloned cDNA may be used to genotype 
individuals for the Lewis locus. This can find utility with 
respect to organ transplantation procedures, or as a measure 
of susceptibility to infections caused by pathogens that may 
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use blood group structures as receptors for invasion (as in 
urinary tract infections, for example).' 

SEQ ID NO: 3 encodes a mouse UDF-Gal:£-D-Gal(l, 4) -D-GlcNAc 
ot(l f 3) -galactosyltransf erase, SEQ ID NO: 5 encodes a human 
GDP-Fuc: j8-D-galactoside at ( 1 , 2 ) -fucosyl transferase. The uses 
for each of these proteins are generally the same as those 
discussed herein for the enzyme of SEQ ID N0:1. 

Specific application of the enzyme encoded by SEQ ID NO: 5 
include enzymatic fucosylation of chain-terminating galactose 
residues on lactoseamine or neolacto type /3-D-galactoside to 
a-2-L-fucose residues • Such modification can be performed in 
vitro using the purified a(i,2)FT, or- its derivatives and its 
substrate GDP-fucose, using asialoglycans terminating with 0- 
D-galactoside residues* Such asialoglycans exist naturally, 
and can also be constructed from glycans with terminal 
galactose moieties substituted with sialic acid by in vitro 
digestion with neuraminidase. Likewise , such fucosylation can 
be expected to occur when glycans are expressed in mammalian 
cells that have been transfected with the a (1,2) FT cDNA or 
gene segment. Such a (1,2) fucosylated glycans may have 
increased solubility properties, may have prolonged plasma 
half lifes (by virtue of the fact that the terminal galactose 
residues that normally mediate glycoprotein clearance by the 
asialoglycoprotein receptor of the liver are now covered up by 
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fucose residues), differentiate from natural giycof orms , and 
may enhance bioactivity. 

Molecular mechanisms used by cells to regulate the 
precise tissue-specific and developmental expression patterns 
of oligosaccharide structures are poorly understood. Such 
patterns however are probably determined largely by the 
coordinate regulation of expression of cognate 
glycosyltransf erases, since many of these enzymes recognize 
identical nucleotide sugar substrates or oligosaccharide 
acceptor substrates, it can be expected that they exhibit 
substantial primary protein and nucleic acid sequence 
similarities that would facilitate isolation of related 
glycosyltransf erase genes by cross hybridization strategies. 

Molecular cloning efforts by the inventor have allowed 
the isolation of several cloned glycosyltransf erase cDNAs 
discussed above. Comparisons of the primary sequences of 
these enzymes reveals that they maintain virtually identical 
predicted structural topologies. 

With the exception of one pair of distinct 
glycosyltransf erases P however, there appear to be no 
substantial primary sequence similarities between these 
enzymes, even though many of them exhibit nucleotide sugar 
substrate or oligosaccharide acceptor substrate requirements 
that are virtually identical. The exceptional pair, a murine 
al,3 galactosyltransf erase sequence, or its human pseudogene 
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homologue, and a human al , 3N-acetylgalactosaminide transferase 
share substantial primary protein and nucleic acid sequence 
similarity, even though these enzymes use different nucleotide 
sugar substrates and exhibit distinct oligosaccharide acceptor 
substrate requirements. 

Taken together, these observations indicate that some 
glycosyltransf erases may be structurally related, but such 
relationships cannot necessarily be predicted from knowledge 
of nucleotide sugar or oligosaccharide acceptor substrate 
requirements. 

As noted above, the gene transfer procedure of the 
invention has been used by the inventor to isolate a cloned 
cDNA that encodes the human Lewis blood group 
fucosyltransf erase. This enzyme is an exceptional 
glycosyltransferase in that it can catalyze two distinct 
transglycosylation reactions. Sequence comparisons of this 
enzyme with the blood group H a (1,2) fucosyltransf erase 
indicates that these two fucosyltransf erases maintain distinct 
primary sequences despite the fact that they use the identical 
nucleotide sugar substrate GDP-fucose, and can each utilize 

oligosaccharide acceptor molecules that terminate" with" 

unsubstituted type I or type II disaccharide moieties. 

Biochemical and genetic data indicate that the human 
genome contains one or more structural genes that encode 
fucosyltransf erases competent to construct surface localized 
SSEA-i determinants. These enzymes are thought to be 
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polypeptides distinct from the Lewis fucosyltransf erase 
because they exhibit different acceptor substrate 
specificities and differential sensitivities to divalent 
cation and N-ethylmaleimide inactivation. Moreover, their 
expression is determined by loci distinct from the Lewis blood 
group fucosyltransf erase locus f and they display tissue 
specific patterns that are distinct from the Lewis locus 
patterns . 

Because these enzymes exhibit properties that are very 
similar to the Lewis blood group fucosyltransf erase r the 
inventor recognized that it was possible that these enzymes 
and their corresponding genes might be sufficiently related at 
the primary sequence level to be able to isolate them by 
crosshybridization approaches. In another embodiment, the 
invention therefore provides a method for isolating a gene 
encoding a glycosyltransf erase by cross-hybridization. The 
cross-hybridization techniques which can be used in accordance 
with the invention are generally known, See f e.g. r Lauer et 
ajl, Cell (1980) 20:119-130, Fritsch et al . Cell (1980) 
19:959-972, Havnes et al f J. Biol . Chem. (1980) 2^5:6355-6367, 
and Proudfoot et al r Proc. Nat. Acad. Sci. fUSAl (1979) 
26:5425-5439, all of which are hereby incorporated by 
reference. 

As noted above, oligosaccharides constructed by animal 
cells are remarkable for their structural diversity. This 
diversity is not random but rather consists of specific sets 
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of oligosaccharide structures that exhibit precise tissue- 
specific and developmental expression patterns. Molecular 
mechanisms used by cells to regulate these expression patterns 
are poorly understood. It can be expected , however, that such 
patterns are determined largely by the coordinate regulation 
of expression of the glycosyltransf erases that determine these 
patterns* Recent molecular cloning efforts have allowed the 
isolation of several cloned glycosyltransf erase cDNAs. 
Comparisons of the primary sequences of these enzymes have 
revealed that they maintain virtually identical predicted 
structural topologies. With the exception of one pair of 
distinct glycosyltransf erases , however, there appear to be no 
su bs tan ti al p rimary sequencers imilarities between these 
enzymes , even though many of them exhibit nucleotide sugar 
substrate or oligosaccharide acceptor substrate requirements 
that are virtually identical. The exceptional pair, a murine 
ai f 3galactosyltransf erase sequence, or its human pseudogene 
homologue, and a human al , 3N-acetylgalactosaminide transferase 
share substantial primary protein and nucleic acid sequence 
similarity, even though these enzymes use different nucleotide 
sugar substrates and exhibit distinct oligosaccharide acceptor 
substrate requirements. Taken together, these observations 
suggest that some glycosyltransf erases may be structurally 
related, but such relationships cannot necessarily be 
predicted from knowledge of nucleotide sugar or 
oligosaccharide acceptor substrate requirements. The inventor 
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has recently used a mammalian gene transfer procedure to 
isolate a cloned cDNA that encodes the human Lewis blood group 
fucosyltransf erase (Kukowska-Latallo et al, Genes Devel. r 
4:1288-1303, 1990). This enzyme is an exceptional 
glycosyltransf erase in that it can catalyze two distinct 
transglycosylation reactions* Sequence comparisons of 1 this 
enzyme with the blood group H a ( 1 , 2 ) fucosyltransf erase (Larsen 
et al, Proc. Natl. Acad. Sci. USA , 37:6674-6678, 1990) 
indicates that these two fucosyltransf erases maintain distinct 
primary sequences despite the fact that they use the identical 
nucleotide sugar substrate GDP-fucose, and can each utilize 
oligosaccharide acceptor molecules that terminate with 
unsubst±tuted— type I or type II disaccha:r-ide-moieties 
(Kukowska-Latallo et al. Genes Devel. . 4:1288-1303, 1990; 
Larsen et al, Proc. Natl. Acad. Sci. USA . 87:6674-6678, 1990). 
Biochemical and genetic data indicate that the human genome 
contains one or more structural genes that encode 
fucosyltransf erases competent to construct surface localized 
SSEA-1 determinants (Kukowska-Latallo et al, Genes Devel. . 
4:1288-1303, 1990; Potvin et al f J. Biol. Chem. . 265:1615- 
1622, 1990). These enzymes are thought to be polypeptides" 
distinct from the Lewis fucosyltransf erase because they 
exhibit different acceptor substrate specificities and 
differential sensitivities to divalent cation and N- 
ethylmaleimide inactivation (Potvin et al f J. Biol. Chem. . 
265:1615-1622, 1990). Moreover, their expression is 
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determined by loci distinct from the Lewis blood group 
fucosyltransf erase locus, and they display tissue specific 
patterns that are distinct from the Lewis locus patterns 
(Watkins, Adv. Hum. Genet. . 10:1-116, 1980). Because these 
enzymes exhibit properties that are very similar to the Lewis 
blood group fucosyltransf erase r the inventor considered it 
possible that enzymes and their corresponding genes might be 
sufficiently related at the primary sequence level to be able 
to isolate them by cross-hybridization approaches. The 
inventor has now achieved the isolation of several such cross- 
hybridizing human genes, an analysis of their structures, 
their expression in cos-l cells after DEAE-dextran-mediated 
transf ection, and analysis of -their acceptor substrate 
properties* 

Thus, in another embodiment, the invention provides DNA 
sequence SEQ ID NO: 7 (set forth in Figure 4) that encodes a 
protein sequence capable of functioning as a GDF-Fuc: [/3-D- 
Gal(l,4) ]-D-GlcNAc a (l f 3) -Fucosyltransf erase, Fuc-TIV* This 
enzyme, when expressed by the cloned DNA sequence SEQ ID NO: 7 
functions within mammalian cells to generate de novo 
expression of specific cell surface glycocon jugate structures 
of those cells • 

Present DNA sequence SEQ ID NO: 9 (set forth in Figure 5 
wherein it is indent if ied as pFT-3 DNA) is comprised within 
DNA sequence SEQ ID NO: 7. Namely, sequence SEQ ID NO: 9 is 
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found beginning at nucleotide position 194 2 (the codon at 
nucleotide position 1942-1944) in sequence SEQ ID NO: 7. 

The dna sequence and corresponding peptide provided in 
this embodiment of the invention must correspond at least to 
the segment from nucleotide position 2089 to 3159, preferably 
positions 1942 to 3156, of Sequence SEQ ID NO; 7 set forth in 
Figure 4. These DNA sequences, can have further DNA sequence 
attached optionally to each end. These pendent DNA sequences 
can be of any length and up to a length corresponding to that 
set forth in Figure 4 . 

In a preferred embodiment, this embodiment of the 
invention provides dna sequences, and their corresponding 
-proteins., corresponding at -least to^the^ sequence between 
nucleotide positions 2089 to 3159, preferably positions 1942 
to 3156, SEQ ID NO: 7 and having attached to each end, 
optionally, further DNA sequences corresponding to those set 
forth in Figure 4. m this case, the pendent DNA sequences 
and corresponding proteins, can be of any length and up to the 
length set forth in Figure 4. 

These glycocon jugate structures, constructed in part by 
this enzyme, are recognized by an antibody against the stage- 
specific embryonic antigen I (SSEA-1 or Lewis x; structure 
Gal0(i,4) [Fuc a(l,3)]GlcNAc), and by an antibody against the 
VIM-2 determinant NeuAco ( 2 , 3 ) GaljS ( 1, 4) GlcNAc/3- 
(1,3) Gal/3 ( 1 , 4 ) [ Fuca (1,3)] GlcNAc . This enzyme when expressed 
by DNA SEQ ID NO: 7 functions in the enzymatic manner implied 
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in its name, when assayed in extracts prepared from cells that 
express the DNA sequence, as illustrated in Figure 8 and Table 
2. 

The oligosaccharide products of this enzyme represents 
fucose linked in alpha 1,3 configuration to the GlcNac residue 
of a "type II" , lactos [amine] acceptor. Throughout the 
remainder of this disclosure, these products will be referred 
to as subterminal a (1,3) fucose residues. 

The isolation of three specific such cross-hybridizing 
human genes (SEQ ID NO:7, SEQ ID NO:10, SEQ ID NO: 13), an 
analysis of their structure, their expression in COS-1 cells 
after DEAE-dextran-mediated transf ection, and analysis of 
their acceptor substrate properties is described in the 
examples below, (Examples IV, V, and VI) , and summarized in 
Figures 8 and Table 2. SEQ ID NO: 10 (Fuc-TV) encodes a 
specific protein sequence capable of functioning as a 
GDP-Fuc: [£-D-Gal(l, 4) ]-D-GlcNAc oe(l, 3) fucosyltransf erase. 
This enzyme, when expressed by the cloned DNA sequence 
described, functions within mammalian cells to generate de 
novo expression of specific cell surface glycocon jugate 
structures on those cells. These structures are recognized by 
an antibody against the stage specific embryonic antigen I 
(SSEA-l or Lewis x; structure GaljS ( 1 , 4) [Fuca ( 1 , 3 ) ]GlcNAc) , and 
by an antibody against the sialyl-Lewis x determinant 
NeuAca ( 2 , 3 ) Gal£ ( 1 , 4 ) [ Fuca (1,3)] GlcNAc . This enzyme , when 
expressed by the cloned DNA sequence described, also functions 
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in the enzymatic manner implied in its name, when assayed in 
extracts prepared from cells that express the DNA sequence. 
The oligosaccharide products of this enzyme represent fucose 
linked in alpha l f 3 configuration to the GlcNac residue of a 
"type II' lactos[amine] acceptor. Throughout the remainder of 
this disclosure, these products will be referred to as 
subterminal a (1,3) fucose residues. The location of the 
catalytic domain of this enzyme has been shown experimentally 
to encompass amino acids 4 3 to 374 of SEQ: ID NO: 11. 

The DNA and encoded protein of SEQ ID NO: 13 and SEQ ID 
NO: 14 (Fuc-TVI) may be used as follows: 

i. Construction of animal cell lines with specific 



of the oligosaccharides on cell-surface, intracellular, or 
secreted proteins or lipids by sub-terminal oc-( 1,3) fucose 
residues that represent the products of this enzyme (for the 
production of diagnostics and therapeutics by the 
biotechnology industry) . 

Specifically, the cloned DNA sequence described here may 
be introduced by standard technologies into a mammalian cell 
line that does not normally express the cognate enzyme or its 
product (sub-terminal a(l, 3) fucose residues on 

oligosaccharides) , and transcribed in that cell in the "sense 1 
direction, to yield a cell line capable of expressing 
sub-terminal a (1,3) fucose residues residues on 
oligosaccharides on cell-surface, intracellular, or secreted 




respect to~post-trarvsl-atrional modification 
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proteins or lipids. Alternatively , this cloned DNA sequence 
may be introduced by standard technologies into a mammalian 
cell line that does express the cognate enzyme and its product 
(subterminal a (1,3) fucose residues), and transcribed in that 
cell in the "antisense* direction, to yield a cell line 
incapable o f expressing sub- terminal a (1,3) and fucose 
residues on cell-surface, intracellular, or secreted proteins 
or lipids. Alternatively, the endogenous 

GDP-Fuc: (0-D-Gal(l,4) ] -D-GlcNAc a ( 1 , 3 ) -Fucosyltransf erase 
gene(s) , in a mammalian cell expressing the cognate enzyme(s) , 
might be inactivated with the DNA sequence described here by 
homologous recombination techniques, or by "antisense* 
oligonucleotide approachesr^based upon the~f)NA sequence 
described herein, or by dominant negative mutant 
fucosyltransf erase sequences that inactivate endogenous 
GDP-Fuc: [j8HD-Gal(l,4) ]-D-GlcNAc a (1, 3) -Fucosyltransf erase (s) 
and that may be derived via mutagenesis and genetic selection 
schemes, in conjunction with the sequence information in this 
Disclosure. 

This method could be used to construct animal cell lines 
that will be suitable host cells for the production of 
diagnostic or therapeutic materials whose usefulness or 
efficacy depends upon the specific post-translational 
modification determined by this cloned DNA sequence and its 
cognate enzyme . For example, it is known that that the 
biological effectiveness of many therapeutic proteins or 
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peptides, recombinant or otherwise, may depend critically upon 
the oligosaccharide structure (s) that are covalently attached 
to them. The structure of these oligosaccharides is primarily 
a function of the number and kind of glycosyltransf erase 
enzymes that are found in the cell used to produce these 
therapeutic products. Animal cells and yeasts are competent 
to perform these glycosylation reactions; however , not all 
glycosyltransf erase enzymes are produced by every animal cell 
or yeast f and therefore, some oligosaccharide structures 
(including sub-terminal a (1,3) fucose residues generated by 
the enzyme encoded by the DNA sequence described here) are not 
produced by them, The converse is also true, namely, that 
producing cells may express a glycosyltransf erase- analogous 
to, or identical to, the GDP-Fuc: [j3-D-Gal(l, 4) ]-D-GlcNAc 

3) -Fucosyltransf erase encoded by the DNA sequence 
described here. It is likely that sub-terminal cr(l,3) fucose 
residues may alter the bioactivity (for better or for worse) 
of natural or recombinant therapeutic or diagnostic agents 
(glycoproteins or glycolipids) produced by mammalian or other 
eukaryotic hosts. Eukaryotic host cells that the 
biotechnology industry uses to~produce 'these recombinant 
agents may be altered with the DNA sequence information and 
related information described in this invention, to add 
sub-terminal a (1,3) fucose residues to the oligosaccharides on 
recombinant product by expressing all or part of the cloned 
sequences described here in the desired host. Alternatively, 



sub-terminal a (1,3) fucose residues may be eliminated from the 
product produced in these host cells by the use of transfected 
"anti-sense" vector constructs, recombination-based gene 
inactivation, 'anti-sense* oligonucleotide approaches, or 
dominant negative mutant fucosyltransf erases, outlined above. 

The old 'methods' used for this process include an 
empirical approach to identify a cell line that does or does 
not express this particular enzyme or an enzyme that functions 
in a similar or identical manner, for the production of the 
appropriately modified recombinant or natural product. This 
is not always optimal since cell lines with this particular 
post -translation modification capabilities may not exist 
naturally, or may not be especially suited to high level 
production of an appropriately modified product. 
Alternatively, unwanted sub-terminal ct(l, 3) fucose residues 
present on a therapeutic material produced by an empirically 
identified animal cell line must be removed chemically or 
enzymatically, a process that may be costly or inefficient. 
The advantages of using the cloned, functional DNA sequence 
described here in conjunction with the technologies outlined 
above, relative to these older methods, include the ability to 
construct lines that specifically lack the capability to 
generate sub-terminal a (1,3) fucose residues on the 
oligosaccharides of glycoproteins and glycolipids; properly 
constructed, these cell lines will eliminate any need for 
chemical or enzymatic treatment of a therapeutic or diagnostic 
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material to remove unwanted sub-terminal a(l f 3) fucose 
residues. Moreover, in the event that sub-terminal 
a(i, 3) fucose residues residues are found to be desirable for a 
particular diagnostic or therapeutic product produced by 
animal cells, cell lines may be engineered with the cloned DNA 
sequence described here to generate these residues. 

ii. Isolation of reagents suitable for efficient 
enzymatic synthesis and production of oligosaccharides (in 
enzyme reactors, for example) . 

Oligosaccharides may have therapeutic utility as 
immunomodulatory reagents in the field of organ 
transplantation. In particular , soluble and solid-phase 
oligosaccharides may find use as therapeutic agents with which 
to block or ameliorate antibody-mediated organ transplant 
rejection in cases involving incompatibility due to 
differences in the major blood group antigen systems of the 
organ donor and the recipient, including the Lews blood group 
system. Likewise, soluble oligosaccharides may find use as 
therapeutic agents that function by blocking attachment of 
bacterial, viral, or parasitic pathogens to glycoconjugate 
'receptors" found on the surface of the animal tissues that 
these pathogens invade. For example there is evidence that 
portions of the Lewis blood group oligosaccharide antigen 
(containing sub-terminal ac(l, 3) fucose residues) serve as 
"receptors" for some forms of uropathogenic bacteria. 
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Moreover, glycoconjugates , including sub-terminal a ( 1 , 3 ) fucose 
residues, have been implicated in modulating adhesive events 
between cells, and between cells and their environment during 
developmental and differentiation processes. These events 
included binding of spermatozoa to eggs, and the initial 
events that mediate attachment of fertilized ova to the 
uterine wall at the beginning of implanatation. These 
observations suggest, for example, the possibility that 
contraceptive uses for (biologically "natural") 
oligosaccharide molecules might exist. In addition, specific 
glycoconjugates containing sub-terminal a ( 1 , 3 ) fucose residues 
have been implicated as iigands for the LECCAM/ Select in family 
of adhesion molecules, that play important roles in mediating 
adhesion between cells of the immune system, and some tumor 
cells, and the surfaces of the endothelial cells that line the 
vascular tree. Thus, the cloned fucosyltransf erase sequence 
described here may be used to construct oligosaccharide-type 
molecules, with pharmaceutical properties possessing 
ant i- inflammatory and anti-tumor metastatic functions* 

Currently, oligosaccharides containing sub-terminal 
ce(l,3) fucose residues are produced by "chemical synthesis (a 
procedure that is inefficient and costly) or by isolation from 
natural sources (using costly and inefficient procedures that 
often require the processing of large quantities of animal or 
plant material, and the purification of the desired 
oligosaccharide from other contaminating oligosaccharides) . 
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The invention described here provides a mechanism to 
synthesize abundant quantities of purified 
GDP-Fuc : [ /3-D-Gal (1,4)] -D-GlcNAc a ( 1 , 3 ) -Fucosyltransf erase . 
This could be used to construct an enzyme bioreactor (enzyme 
in solution or immobilized on a solid phase matrix, for 
example via the protein-A moiety fused to the catalytic domain 
of the enzyme, as described in previous manuscripts published 
by the Inventor John Lowe) capable of enzymatic synthesis of 
structures containing sub-terminal a (1,3) fucose residues. 
This may be more efficient than approaches involving chemical 
synthesis of structures containing sub-terminal a(l f 3) fucose 
residues or their purification from natural sources, for a 
variety of reasons* One, the only chemicals necessary would 
be the enzyme substrates; these are easily obtained or 
synthesized. Two, enzymatic synthesis of such structures will 
produce only the desired product and the nucleotide 
diphosphate product of substrate hydrolysis. This latter 
chemical is found as the natural byproducts of these reactions 
in animal cells, is relatively non-toxic, and may be easily 
separated from the oligosaccharide synthetic product. By 
contrast, chemical synthetic procedures" typically generate 
numerous products of side reactions which must be removed, and 
which may be toxic as well. Similarly, purification of 
oligosaccharides from natural sources requires the removal of 
other contaminating oligosaccharides present in the natural 
material. Three, enzymatic catalysis is extraordinarily 
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efficient; essentially complete conversion of substrate to 
product might be achieved. By contrast, chemical synthesis of 
sub-terminal a (1,3) fucose residues on oligosaccharides is a 
multi-step process; yields at each step may be much less than 
100%, and the cumulative efficiency of current chemical 
synthesis procedures does not approach the efficiency possible 
with enzymatic synthesis * Similarly, purification of 
oligosaccharides with subterminal a (1,3) fucose residues from 
natural materials can entail significant losses inherent to 
the purification procedures required to separate the desired 
oligosaccharide from contaminating, irrelevant 
oligosaccharides, with inefficient isolation of the desired 
oligosaccharide. Although the GDP-Fuc: [0-D-Gal ( 1 , 4) ] -D-GlcNAc 
a (1,3) -Fucosyltransf erase encoded by the DNA sequence 
described here may be partially purified from animal tissues 
for synthetic use, these purifications are themselves 
inefficient, primarily because the enzyme is typically present 
in very low abundance. This invention provides two mechanisms 
that may provide for the abundant production of this enzyme* 
First, this may be done through the construction and selection 
of animal cells that produce relatively large quantities of 
the enzymes. Alternatively, this cloned nucleic acid sequence 
may then be used with standard recombinant DNA technologies to 
produce large quantities of glycosyltransf erases in yeasts or 
in prokaryotic hosts. Furthermore, the sequence encoding this 
enzyme may be modified via standard molecular cloning schemes 
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or mutagenesis to yield a recombinant fucosyltransf erase with 
novel properties that make it more desireable than the 
wild-type enzyme. For example, the modifications might be 
made to the enzyme that make it more stable , or more suitable 
for immobilization in a bioreactor* 

iii. Isolation of reagents suitable for producing 
recombinant GDP-Fuc: [j3-D-Gal(l,4) ]-D-GlcNAc 

ce ( l , 3 ) -Fucosyltransf erase to be used directly as a research 
reagent, or to be used to generate antibodies against the GDP- 
Fuc: [j3-D-Gal(l f 4) ]-D-GlcNAc a ( 1 , 3 ) -Fucosyltransf erase , for 
research applications. 

This invention provides two mechanisms for producing 
large quantities of this enzyme (see ii. above - i.e. 
specially constructed animal cells, or via natural or 
synthetic genes encoding these enzymes) which may be used as a 
research tool with which to study the structures and functions 
of oligosaccharides and glycoproteins. Likewise, the enzyme 
produced by this method, or the nucleic acid sequence and 
derived protein sequence provided by this method, may be used 
to generate antibodies to this enzyme (via synthetic 
peptides) . These antibodies might also be used as research 
reagents to study the biosynthesis and processing of these 
enzymes, and might be used as an aid in their purification for 
all the uses described in this disclosure. 
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iv. Antibodies to glycosyltransf erases as diagnostic 
reagents . 

Aberrant expression of GDP-Fuc: [0-D-Gal (l f 4) ] -D-GlcNAc 
a ( 1 , 3 ) -Fucosyltransferase has been associated with malignancy 
in humans, suggesting that this enzyme might serve as a tumor 
marker for early detection of malignancy involving a number of 
human tissues. Enzyme tumor markers have typically been 
assayed in body fluids by activity assays, which may be 
subject to non-specificity due to competing 
glycosyltransf erase activity. These assays may also be 
insensitive since it is possible that inactive enzymes might 
be useful as tumor markers but would not be detected by enzyme 
activity-assays . ^hrts— invention provides a mechanism for 
generating antibodies to this enzyme (monoclonal and 
polyclonal antibodies against synthetic peptides constructed 
from information derived from cloned DNA sequence encoding 
GDP-Fuc: [j3-D-Gal(l, 4) ]-D-GlcNAc ct ( 1 , 3 ) -Fucosyltransf erase , or 
against the recombinant enzyme produced by eukaryotic or 
prokaryotic hosts) , Antibodies specific for this 
GDP-Fuc: [/3-D-Gal ( 1 , 4 ) ]-D-GlcNAc a (1, 3) -Fucosyltransf erase so 
produced could be used to detect and quantitate this 
glycosyltransf erase in body fluids, with specificity and 
sensitivity exceeding enzyme activity assays, and with the 
possibility of serving as a tumor marker for early detection 
of malignancy. 
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v. Recombinant enzyme for use in screening natural and 
synthetic compounds for fucosyltransf erase inhibitors or 
inactivators . 

A number of studies have noted an association between 
increased numbers of cell surface sub-terminal a(l,3) fucose 
residues on oligosaccharides of a cell and the ability of that 
cell to metastasize in a malignant fashion. If there is a 
causal relationship here, then it may be possible that drugs 
that inhibit the enzyme encoded by the sequence in this 
disclosure might be active as anti-tumor agents. Likewise, 
numerous recent studies have implicated sialylated and neutral 
oligosaccharides containing subterminal a (1,3) and a (1,4) 
fucose linkages in mediating adhesion of leukocytes to the 
selectin adhesion molecules (ELAM-1; GMP-140; Mell4/LAM-1) 
during inflammation. These studies suggest that molecules 
capable of preventing synthesis of a (1,3) and a (1,4) fucose 
linkages on leukocytes may thus function to diminish or even 
eliminate the ability of leukocytes to synthesize and display 
subterminal a (1,3) and a (1,4) fucose linkages, and would thus 
represent anti- inflammatory pharmaceutical agents. The 
reagents described in this disclosure "may prove useful "for 
screening to isolate or identify compounds that exhibit 
anti-fucosyltransf erase activity, since the cloned sequence 
may be used with standard techniques to produce relatively 
large amounts of pure fucosyltransf erase. This will aid in 
screening since the effects of potential inhibitors will be 
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tested on a pure enzyme, without the confounding effects that 
may occur in whole cell extracts or with partially purified 
enzyme. 

vi. Engineering of glycosyltransf erase substrate 
specificity to generate novel glycocon jugate structures on 
secreted or cell-associated glycoconjugates. 

This invention provides a reagent (a cloned 
GDP-Fuc: (/3-D-Gal(l, 4) ] -D-GlcNAc a ( 1 , 3 ) -Fucosyltransf erase gene 
segment) , that, when used with appropriate mutagenesis and 
genetic selection schemes f may allow the generation of mutant 
GDP-Fuc: [j3-D-Gal(l, 4) ]-D-GlcNAc oe(l, 3) -Fucosyltransf erases 
that generate glycosidic linkages different from that 
generated by the wild-type enzyme* These novel linkages may 
or may not be naturally occuring, and could find utility as 
moieties that enhance the bioactivity of the molecules to 
which they are attached. Directed mutagenesis procedure may 
also be considered since this enzyme maintains primary 
sequence similarity to other a (1, 3) -Fucosyltransf erases, yet 
exhibits a distinct set of acceptor substrate utilization 
properties. Alternatively, mutagenesis and selection 
approaches may be used to generate mutant 

GDP-Fuc: [jS-D-Gal(l, 4) ]-D-GlcNAc a(l, 3) -Fucosyltransf erases 
that act in a dominant negative fashion. The dominant 
negative mutants so generated might be used to inactivate 
endogenous glycosyltransf erase activities when the product (s) 
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of such an enzyme are not desired. Mutant 

GDP-Fuc: [0-D-Gal ( 1 , 4) ]-D-GlcNAc a (1,2) -Fucosy Itransf erases 
might also be generated, for example, that function as 
fucosidases that hydrolyze various sugar linkages (fucose, 
mannose, or others) from oligosaccharides in vitro and in 
vivo. 

vii. Genotyping individuals at this fucosyltransf erase 
locus . 

Absence of a fucosy itransf erase similar or identical to 
the one encoded by the DNA sequence detailed here has been 
found in several families. Should such absence be associated 
with a detrimental phenotype, DNA sequence polymorphisms 
within or linked to the gene corresponding to this cloned gene 
segment may be used to genotype individuals at this locus , for 
the purpose of genetic counseling. Likewise, the molecular 
basis for any such detrimental phenotypes might be elucidated 
via the study of the gene segment described here f should it be 
causally-related to such phenotypes. 

Other features of this invention will become apparent in 
the course of the following description of exemplary 
embodiments which are given for illustration of the invention 
and are not intended to be limiting thereof. 
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EXAMPLES 

Example I. Cloning and Expression of a DNA Sequence 

Encoding a ( l . 2 ) Fucosvltransf erase fDNA SEP ID 
NO: 5, protein SEP ID NO: 6 
Mouse L Cells as a Host for Human (a - 
l f 2) Fucosyltransf erase Gene Transfer - Mouse L cells were 
tested as a host for gene transfer. These cells have been 
widely used for this purpose. Genomic DNA may be introduced 
into L cells with high efficiency, and these cells allow the 
use of several metabolic and antibiotic resistance schemes for 
selecting stable incorporation of exogenous DNA sequences* 
L cells were examined for surface expression of the H 
Fuc a_(l,2)Gal linkage, using a monoclonal- antibody that 
recognizes type II H structures and fluorescence-activated 
cell sorting* Cells stained with this anti-H antibody exhibit 
a FACS profile virtually identical to the profile generated by 
cells stained with a control mouse IgM monoclonal antibody, 
and to profiles generated by cells stained only with 
FITC-conjugated second antibody. These results indicate that 
L cells do not express surface-localized Fuc a (1,2) Gal 
linkages that are detectable with the anti-H-antibody . 

The inventor assayed L cell extracts to confirm that this 
absence of surface-expressed H determinants was due to a 
deficiency of (a-l, 2) fucosyltransf erase activity. 
Phenyl-/3-D-galactoside was used as the acceptor for assay of 
(a-l, 2) fucosyltransf erase. This compound is a specific 
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acceptor for (a-l , 2) fucosyltransf erases ; it is used 
efficiently by these enzymes, yet does not function as an 
acceptor for fucosyltransf erases that generate (a-l, 3), (a- 
1,4), or (a-l, 6) linkages. L cell extracts contained no 
detectable (a-l , 2) fucosyltransf erase activity, even in assays 
that contained increased amounts of extract, or that were 
subjected to prolonged incubation. Mixing experiments with 
A4 31 cell extracts showed that inhibitors were not responsible 
for an apparent lack of detectable enzyme activity. 

The inventor also examined L cells for surface expression 
of glyconjugates possessing N-acetyllactosamine 
(Gal0(l,4)GlcNAc) end groups. These would represent potential 
acceptor molecules— for a complementing human 
(a-l, 2) fucosyltransf erase activity and would allow the 
resulting surface-expressed Fuca(l,2)Gal linkages to be 
detected with anti-H antibody. The agglutinin from Erythrina 
cristagalli (ECA) was used for this analysis. This lectin 
exhibits high affinity for oligosaccharides possessing one or 
more unsubstituted N-acetyllactosamine end groups • L cells 
were stained with purified, FITC-labeled ECA, or with 
FITC- labeled ECA that had been preincubated with the hapten 
N-acetyllactosamine and were subjected to FACS analysis. The 
results indicated that significant amounts of ECA bind to 
these cells, and that the binding is effectively inhibited by 
the hapten N-acetyllactosamine. These results are consistent 
with the expectation that L cells synthesize oligosaccharides 



containing N-acetyllactosamine moieties and suggest that some 
of these glycoconjugates remain unmodified and are expressed 
at the cell surface. 

The inventor also tested L cells for the ability to 
synthesize the fucosyltransf erase substrate GDP-fucose. These 
analyses identified both GDP- [ 3 H] fucose and GDP~[ 3 H]mannose in 
aqueous extracts prepared from cells labeled with 
[2- 3 H]mannose. The subcellular location of GDP- [ 3 H] fucose in 
these cells cannot be determined from these experiments. 
Effective Golgi fucosyltransf erase activity would presumably 
require the presence of substrate concentrations of GDP-fucose 
within the lumen of the Golgi. Since these cells have not 
been selected to the defective in~ fucose metabolism, it seemed 
likely that they would be competent to transport this 
cytoplasmically synthesized compound into the Golgi lumen. 
This was confirmed by demonstrating that these cells are able 
to incorporate radio- labeled fucose into membrane 
glycoconjugates; most of this may represent fucose in a (1,6) 
linkage to the asparagine- linked N-acetylglucosamine of some 
N-linked oligosaccharides. 

Taken together, these studies show that L cells are 
competent to display surf ace- localized H Fuca(l,2)Gal 
linkages, after introduction and expression of human DNA 
sequences determining (a-l, 2) fucosyltransf erase activity. 

Human A431 Cells as a Donor for (a-l, 2) Fucosyltransf erase 
DNA Sequences - The human A431 cell line was investigated as a 
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source of DNA for gene transfer since these cells express type 
I and II blood group H structures. Extracts prepared from 
A431 cells are found to contain (ct-1 , 2) fucosyltransf erase 
activity when assayed using phenyl-£-D-galactoside. The 
radiolabeled product elaborated by A431 extracts 
cochromatographed with authentic [ 14 C] fucosylated phenyl- 
/3-D-galactoside produced by human serum H (ct- 
1, 2) fucosyltransf erase. Digestion of the A431 product with 
a-L-fucosidase generated L-fucose in quantitative yield. 
These results indicate that A431 cells contain one or more 
functional (a-l, 2) fucosyltransf erase genes and thus represent 
an appropriate source of human DNA for gene transfer. 

Isolation of a Mouse Transf ectant That Expresses Surface 
Molecules Recognized by a Monoclonal Anti-H Antibody - To 
isolate mouse cells containing DNA sequences that determine 
expression of a human (a-l , 2) fucosyltransf erase , monolayer 
cultures of L cells were cotransf ected with 30:1 ratio of high 
molecular weight genomic DNA prepared from A431 cells and 
pSV2-neo plasmid DNA. Cotransf ection with pSV2-neo followed by 
growth of the transf ected cells in media containing G418 
allows selection of transf ectants that have stably 
incorporated exogenous DNA sequences. With this procedure the 
inventor generated a population of cells representing 
approximately 60 , 000 independent G4 18 -resistant transf ectants. 
This method typically incorporates approximately 1000 kb of 
transf ected sequences into the genome of a recipient cell. 
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Since the size of the human genome is approximately 3 X 10 6 kb, 
the inventor estimated that approximately 2 0 copies of the 
haploid human genome were represented within this "library" of 
primary transf ectants. 

Transfectants were selected for H antigen expression by a 
combination of panning and sterile cell sorting. A pool of 
cells representing the entire population of transfected cells 
was reacted with a mouse IgM monoclonal antibody that 
recognizes type II H structures. Transfectants with bound 
anti-H antibody were subjected to an initial selection by 
panning on sterile dishes coated with goat anti-mouse IgM. At 
this stage, the inventor found this procedure to be more 
effective than selection by flow cytometry because it allowed 
larger numbers of transfectants to be rapidly and easily 
processed. Transfectants selected by panning were returned to 
culture to be amplified for subsequent rounds of selection* 
The FACS profile of cells present after this first selection 
revealed no obvious peak of cells that had bound the anti-H 
antibody. However, analysis of the FACS histogram indicated 
that approximately 0.13% of the cells stained more brightly 
than cells stained with the control antibody. Cells 
representing the brightest 3-5% of the total population were 
aseptically collected, returned to culture for 14 days, and 
then reselected by the same procedure. After three 
selections, FACS analysis revealed the presence of a distinct 
population of cells that were brightly stained with the anti-H 
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antibody. These cells were collected and returned to culture. 
For heuristic reasons, transf ectants were also subjected to 
selection by panning, in parallel with the FACS selections. 
The inventor found that the panning procedure more efficiently 
enriched for populations of cells that bound the anti-H 
antibody. This is perhaps because the IgM anti-H antibody 
induced agglutination of H-positive transf ectants and 
interfered with selection by FACS. 

Therefore, all subsequent selections were performed by 
the panning procedure. After three additional rounds of 
panning (representing a total of seven rounds of selection) , 
more than 90% of the cells within the selected population 
stained -brightly with-anti-H- antibody . ^lona^-isolates— from 
this population were generated, and individual subclones were 
analyzed for H antigen expression by FACS. Most clones gave 
rise to phenotypically mixed populations of cells consisting 
of H-expressing and non-expressing transf ectants . The reasons 
for this apparent phenotypic instability are not known. One 
clone that exhibited a stable, bright H antigen-positive 
phenotype was selected for further analysis (clone mHl-12) . 
The phenotype of clone mHl-12 has remained stable for more""— 
than 9 months in the absence of selection of H expression. 

The inventor wished to rule out the possibility that a 
murine (a-l, 2) fucosyltransf erase gene might be active in rare 
variants in the L cell population or that the transf ection 
procedure itself might activate this gene and that the 
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selection process might enrich for these undesired events. 
Therefore, in a parallel control experiment, L cells were 
txansfected with high molecular weight genomic DNA prepared 
from L cells, using psV2-neo as the selectable marker. These 
trans feet ants were then subjected to selection for H antigen 
expression, exactly as described above. The inventor was 
unable to detect or isolate H-expressing cells from a 
population of independent transf ectants (at least 40,000) that 
together has integrated the equivalent of more than 15 copies 
of the haploid murine genome. 

The Primary Transfectant Expresses Cell Surface Type II 
Blood Group H Antigen and (a-1 , 2) Fucosyltransf erase Activity - 
Clone mHl-12 w as se lected with a monoc_lonal_janti-H antibody 
that recognizes type II blood group H structures 
(Fuca(l f 2)Gal£(l, 4)GlcNAc-R) . Binding of this antibody to 
mHl-I2 cells is blocked when the antibody is preincubated with 
the type II H hapten 2 1 -fucosyllactose 

(Fuca(l,2)Gal0(l,4)Glc) . By contrast, preincubation of the 
anti-H antibody with L-fucose, or with N-acetyllactosamine or 
lactose, at identical concentrations, does not inhibit binding 
of the antibody to xoHl-12 cells; When a different monoclonal 
anti-H antibody (BE2) previously shown to be specific for type 
II h structures was used in these experiments, the inventor 
also observed inhibition of binding with 2 1 -fucosyllactose, 
but not with the other haptens. These studies indicate that 
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mHl-12 cells express cell surface glycoconjugates with 
terminal Fuca(l,2)Gal linkages. 

Additional evidence for the presence of this linkage was 
obtained by using the linkage-specific blood group A 
(a-l,3)GalNAc transferase purified from human plasma. This 
glycosyltransf erase has an absolute requirement for blood 
group H acceptors containing fucosyl a(l, 2)galactoside as the 
terminal nonreducing group. It catalyzes the addition of N- 
acetylgalactosamine in a- 1,3 linkage to the galactose moiety 
of this structure to construct blood group A-reactive 
molecules of the form GalNAa (1,3) [ Fuca (1,2) ] Gal . Generation 
of blood group A-reactive determinants on the surface of 

_mHl^i2- cells by the act-ion of blood— group ^A— - — 

glycosyltransf erase would provide confirmation of the presence 
of terminal Fuca (1,2) Gal linkages inferred by the results of 
the type IX H hapten inhibition study. 

Formalin-fixed mHl-12 cells were incubated with 
preparations of the blood group A (as-1, 3)GalNAc transferase 
and its nucleotide sugar substrate (UDPGalNAc, 1 mM, 
approximately 20-fold above ^ for UDP-GalNAc) in a buffer 
supporting activity of this enzyme. The cells were then probed 
for the presence of newly synthesized, surface-localized blood 
group A determinants by indirect immunofluorescence using a 
monoclonal anti-A antibody. 

After a 4-h incubation with the A (a-l,3)GalNAc 
transferase and its substrate, blood group A determinants were 
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detectable on the surface of the cells* No staining with 
anti-A antibody was observed in control reactions done in the 
absence of either UDP-GalNAc or group A transferase* L cells 
showed no binding of anti-H or anti-A under any of these 
conditions. 

The inventor also stained A enzyme-treated cells with 
anti-H antibody to test for loss of surface expressed H 
structures* These should be "masked" with 

N-acetylgalactosamine molecules that are attached by the A 
enzyme to the galactose of the Fuccc ( 1 , 2) Gal linkage* After a 
4-h incubation with both A enzyme and its substrate, the 
staining generated by the anti-H antibody was only slightly 
diminished * However , -af^ter^the- eonvers-ion reaction was 
allowed to proceed for 24 h f essentially complete elimination 
of cell surface H reactivity was seen. This is coincident 
with continued expression of strong A reactivity* Cells 
treated for 24 h with a control reaction mixture containing 
the A enzyme but without substrate exhibited strong anti-H 
staining. This indicates that loss of H reactivity seen after 
the 2 4-h reaction was not due to destruction of H structures 
by glycohydrolase or protease activities contaminating the 
group A enzyme preparation* Loss of H reactivity after 
prolonged incubation thus represents "masking" of H structures 
by the A enzyme-catalyzed attachment of ac-1, 3 -linked N- 
acetylgalactosamine. These data indicate that mHl-12 cells 
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express cell surface glycoconjugates terminating with 
authentic H Fuca(l f 2)Gal linkages. 

Assays of extracts prepared from mHl-12 cells confirmed 
that these cells express Q£-(l, 2) f ucosyltransf erase activity. 
a-Fucosidase digestion of the fucosylated product of these 
reactions confirmed the a anomeric linkage of the attached 
fucose. 

Analysis of the Human DNA Sequences in the Primary 
Transfectant - Southern blot analysis was used to determine if 
the mHl-12 cell line contains human DNA sequences. The BLUR8 
Alu sequence was used to detect human sequences. With the 
hybridization and washing conditions used f the human Alu probe 
-did -not— cross— hybrid i z^^with- mouse— sequences - f but was able to 
detect the equivalent of a few copies of an Alu sequence that 
had been added to mouse L cell DNA (10 ^g) . By comparison, 
the A431 DNA sample (3 ng) displayed a diffuse yet relatively 
intense hybridization signal expected for the highly 
repetitive interspersed Alu sequences. Under these 
conditions, the inventor was able to detect significant 
amounts of human sequences in the genome of mHl-12 cells (500 
ng) . This analysis indicates that P as 'expected, ' the genoie" of 
mHl-12 cells contains roughly 1000 kb of human DNA. 

Isolation of Multiple Secondary Transf ectants That 
Express Cell Surface Type II H Antigen and (a- 
1,2) Fucosyltransf erase Activity - The inventor wished to be 
able to identify within the large number of human sequences in 
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the genome of mHl-12 cells specific human sequences that 
mediate expression of its H-positive phenotype. To reduce the 
amount of extraneous human DNA, the inventor used DNA prepared 
from the mHl-12 cell line to generate "secondary" transfectant 
" libraries , " and screened these libraries for transf ectants 
that expressed the H structure. The inventor expected that 
H-expressing secondary transf ectants so identified would each 
have a small number of human DNA restriction fragments 
identifiable within their genomes. The inventor sought to 
isolate several independent secondary transf ectants since it 
was anticipated that human sequences linked to H-determining 
gene(s) should be a subset of these human fragments, 
identifiable as characteristic restriction fragments of 
identical sizes in each independently derived H-expressing 
secondary transfectant. 

Genomic DNA prepared from mHl-12 cells was contransf ected 
with pSV2-neo into L cells. Four different secondary 
libraries were generated in this way (Table I) . 



Table I 

Estimated frequencies of H antigen-positive 
transf ectants in six independent libraries 

Frequencies are expressed as one independent H-expressing 

transfectant isolated/number of plates of transf ectants 

screened. For libraries screened by cell sorting or panning, 

this is a minimum estimate since these immunoselection 

procedures do not allow discrimination between H-expressing 
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sibs and independently derived H-positive transf ectants ; at 
least one independent H-expressing transf ectant was present in 
each of these libraries. For the primary library mHl, and 
secondary libraries mHsl, mHs3 f mHs4 , and mHs5, each plate 
contained approximately 2000 independent transf ectants f as 
determined from transf ection efficiency estimates (see 
"Experimental Procedures") . For the mHs2 secondary library, 
inspection of the plates prior to screening indicated that 
approximately 50 colonies were present on each plate. Clones 
s2-l and s2-2 were isolated with the rosette procedure from 
two separate plates- Clone s2-3 was isolated by panning a 
population of cells representing approximately 650 independent 
^transf ectan-t—eoionies * — — 





Source of 
transf ected 

DNA 


Added 
selection 
plasmid 


Fraction of i 
transfectants 1 
expressing H 0 
determinants II 


mHl (primary) 
mHs 1 ( secondary ) 
mHs3 ( secondary ) 
mHs 4 (secondary) 
mHs 5 ( secondary ) 
mHs2 (secondary) 


A431 Cells 
mHl-12 
mHl-12 
mHl-12 
mHl-12 
mHl-12 


pSV2-neo 
pSV2-neo 
pSV2-neo 
pSV2-neo 
pSV2-neo 
None 


> 1/30 dishes II 
a 1/30 dishes 

S 1/10 dishes J 

> 1/10 dishes 

> 1/10 dishes 

S l/"650 colonies 

l/"50 colonies 

(rosette s2-l) 
2 l/"50 colonies 1 

(rosette s2-2> R 



Each library was independently screened for H-expressing 
transfectants using the panning procedure. Prior to the third 
round of panning, FACS analysis indicated that each of these 
libraries contained H antigen-positive cells (1-60% of the 
cells bound anti-H antibody) . Sequential selection by panning 



# • 
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was continued until 50-90% of the cells exhibited the H — 
positive phenotype. Clonal cell lines (Sl-11 and S3-6) were 
then established from populations derived from the mHsl and 
mHs2 libraries; more than 95% of the cells in these lines 
exhibited bright staining with anti-H antibody. Libraries 
mHs4 and mHs5 were not subjected to the cell cloning procedure 
but were instead subjected to additional selections by 
panning. After a total of 11 rounds of selection, 
approximately 95% (selected from mHs4 library) and 50% 
(selected from mHs5 library) of these cells exhibited H 
antigen expression. 

The calcium phosphate transfection procedure the inventor 
used for constructing the mHl-12— cell line occasionally 
results in physical linkage of selectable plasmid sequences 
with the transfected genomic DNA sequences that determine the 
desired phenotype. Linkage of pSV2-neo sequences to human DNA 
sequences determining the H-positive phenotype in the mHl-12 
primary transfectant would simplify identification of 
H-expressing secondary transf ectants and would facilitate 
isolation of the relevant transfected sequences by molecular 
cloning procedures. As a test of such linkage, the inventor 
generated a secondary library, mHs2, by transf ecting L cells 
with DNA prepared from the mHl-12 primary transfectant. The 
transfection was done without the addition of exogenous 
pSV2-neo DNA. This procedure yielded approximately 50 
independent G418 transf ectants on each of fifteen 10-cm 
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dishes. This represents a 40-fold reduction in the number of 
G418-resistant colonies obtained, relative to the numbers 
generated when secondary libraries were generated with the 
addition of pSV2-neo DNA (-2000 G418 resistant cells/dish). 

This mHs2 library was initially screened with an in situ 
rosette procedure for rapid identification of transf ectant 
colonies that bound anti-H antibody (see "Experimental 
Procedures" below) . Culture dishes containing approximately 
50 colonies each were screened with this method 16 days after 
transf ection and prior to any other manipulations, A single 
rosette-positive colony was identified on two of the 15 dishes 
tested. These two independent H-positive colonies were 
__J^LOlated_with__ cloning rings and an H-expressing cell line 
(s2-l and s2-2) was established from each. An additional, 
independent , clonal H-expressing transf ectant (s2-3) was 
isolated by harvesting the colonies on the other 13 dishes and 
subjecting these cells to selection by panning and then cell 
cloning. 

Cotrans feet ion of unlinked single-copy markers occurs at 
a frequency less than 1%. The frequencies of coexpression of 
G418 resistance and the H phenotype the inventor observed in 
the mHs2 library (Table I) are consistent with the possibility 
that the two markers are linked in the primary transf ectant. 
Alternatively , these frequencies could be explained by 
cotransfection of unlinked markers present in multiple copies 
in the primary transf ectant . In any event, the frequencies of 
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H-expressing transf ectants observed in the primary and 
secondary libraries (Table I) indicate that the H-positive 
phenotype expressed by these transf ectants is determined by a 
single transf ected locus. 

The anti-H reactive surface molecules on a representative 
H-expressing secondary transf ectant (clone s2-2) were shown to 
be authentic H Fuca(i,2)Gal linkages, using analyses identical 
to those used for the H antigen-positive primary transf ectant 
mHl-12. Extracts prepared from s2-2 cells were found to 
contain (a-1 , 2 ) fucosyltransf erase activity. 

(a-1, 2) Fucosyltransf erase activity was also found in extracts 
prepared from each of the other H-expressing secondary 
transf ectants. — - 

Independent H-Expressing Secondary Transf ectants Have 
Common Restriction Fragments Containing Human DNA Sequences - 
The inventor anticipated that the genome of each H-positive 
secondary transf ectant would contain a relatively small amount 
of human DNA and that this DNA would include human sequences 
controlling expression of the (a-l, 2) fucosyltransf erase found 
in each. In principle, one or more characteristic restriction 

fragment (s) generated by these "sequences should be 

identifiable in every transf ectant . Conversely, irrelevant 
human sequences should exhibit a random restriction pattern in 
the secondary transf ectants. The inventor therefore isolated 
genomic DNA from each transf ectant , digested these DNAs with 
various restriction enzymes, and subjected these digests to 
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Southern blot analysis. Restriction fragments containing 
human DNA sequences were detected with the BLUR8 Alu probe. A 
number of DNA restriction fragments are present in each clonal 
secondary transf ectant ; the aggregate amount of human genomic 
DNA present in these cells is estimated to be between 25 and 
55 kb. The genome of each clonal secondary transf ectant 
contains a characteristic pair of human DNA EcoRI restriction 
fragments with sizes of 2.7 and 3.4 kb. These fragments are 
also evident in pools of cells selected by panning from 
libraries mHs4 and mHs5. Similar analyses indicate that the 
genome of each H-expressing secondary transfectant contains 
common 1.5 and 1.9 kb PstI fragments and a common 2.8-kb PvuII 
Jhuman DNA— restriction fragment. These observations imply that 
DNA sequences within or linked to these characteristic human 
restriction fragments are associated with expression of the 
cell surface H Fuca(l,2)Gal linkages used to select these 
transf ectants f and are thus implicated in the expression of 
the (a-1, 2) fucosyltransf erase found in these cells. 

To further confirm that the common human DNA sequences in 
the transf ectants direct (al, 2) fucosyltransf erase expression 
in these cells, molecular cloning procedures were used to 
isolate these fragments and then test their function in a 
mammalian transient expression system. The two human DNA 
EcoRI fragments previously found to be associated with 
expression of the H phenotype in the H-expressing secondary 
transf ectants were isolated from mini genomic libraries 
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prepared in a lambda phage vector , using the secondary 
transfectant s2-2 (see "Experimental Procedures") . To 
determine if these fragments contained sufficient genetic 
information to direct synthesis of (al f 2) fucosyltransf erase, 
these were first individually subcloned into the mammalian 
expression cosmid vector pWElS. This vector contains the SV40 
origin of replication f enabling it to replicate efficiently as 
an episome in COS-1 cells* The resulting plasmids contained 
either the 3.4 kb EcoRX (plasmid pH3.4) or the 2.7 kb EcoRl 
fragment (plasmid pH2.7). These plasmids were then 
individually introduced into COS-1 cells by DEAE-dextran 
transfection (see "Experimental Procedures") and the 
transfected cells were subsequently assayed for 
(al, 2) fucosyltransf erase activity* The inventor found no 
detectable (al, 2) fucosyltransf erase activity in mock 
transfected COS-1 cells or in COS-1 cells transfect with 
pH2,7. However, COS-1 cells transfected with plasmid pH3.4 
expressed significant amounts of (al, 2) fucosyltransf erase 
activity. a-Fucosidase digestion of the fucosylated phenyl-/3- 
D galactoside product generated by this extract confirmed the 
alpha anomeric configuration of the attached fucose (see 
"Experimental Procedures") • 

The pH-activity profile of this (al, 2) fucosyltransf erase 
mirrors the profiles determined for the 

(al, 2) fucosyltransf erases found in fractionated human serum, 
in A431 cells, and in the H-expressing mouse transf ectants. 
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Likewise, the apparent Michaelis constants exhibited by the 
recombinant enzyme expressed in C0S-1 cells (GDP-fucose 
1^=17.5 ^M; phenyl-0-D-galactoside K„=4.4 mM) are essentially 
the same as those determined by the inventor for the 
(al, 2) fucosyltransf erases in fractionated human serum, and in 
each of the cell lines he analyzed. Considered together, 
these results are consistent with the proposal that human DNA 
sequences within the 3.4 kb EcoKI fragment encode an 
(al, 2) fucosyltransf erase, and that these sequences encompass 
part or all of the human blood group H 

(ol, 2) fucosyltransf erase gene. The 3 . 4 kb EcoRl fragment in 
pH3.4, the 2.7 kb £coRI fragment in pH2.7, and DNA sequence 
— adjacent— to the 3.4 kb— ; fragment — were sequenced to provide SEQ 
ID NO: 5. 

To characterize the nature of these cloned human genomic 
DNA sequences, the inventor first isolated various restriction 
fragments from the insert in plasmid pH3.4 and tested these 
for their ability to identify transcripts in the H-expressing, 
stable trans fectants, and in a human cell line (A431) that 
also expresses H determinants and a cognate 
(ol,2)fucosyltransferase. He found that a 1.2 kb Hinfl 
restriction fragment from the insert in pH3.4 identifies a 
single, relatively non-abundant 3.6 kb transcript in A431 
cells. This probe also detects transcripts in the H- 
expressing mouse L cell transf ectants , but not in the non- 
transfected parental L cells. 
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A cloned cDNA t hat directs expression of cell surface H 
structures and an (al . 2 ) fucosvltransf erase. The inventor used 
the 1.2 kb Hinfl fragment and colony hybridization to isolate 
two hybridization positive cDNA clones from an A431 cell cDNA 
library. To test the cloned cDNAs for their ability to 
determine expression of surface-localized H antigen and a 
cognate (al, 2) fucosyltransf erase activity, a plasmid was 
constructed ( pCDM7 -a ( 1 f 2 ) FT , see "Experimental Procedures") 
that consisted of the largest cDNA insert cloned into the 
mammalian expression vector pCDM7 , in the sense orientation 
with respect to the vector's enhancer-promoter sequences. 
Flow cytometry analysis of C0S-1 cells transfected with PCDM7- 
J3L i 1 *- 2 ^T— indXcates^hat^this_cDNA determines expression of 
cell surface H molecules* Moreover, COS-l cells transfected 
with pCDM7-a-(l,2)FT, but not cells transfected with pCDM7, 
express substantial quantities of an (al, 2) fucosyltransf erase 
activity. The inventer determined the apparent Michaelis 
constant exhibited by this (al, 2) fucosyltransf erase for an 
artificial acceptor (phenyl-j3-D-galactoside) that is specific 
for this enzyme and that can discriminate between the human H 
and Se (al, 2) fucosyltransf erases. This apparent Km (2.4mM) is 
nearly identical to the apparent Km the inventor (3.1 mM,) and 
others (4.6 mM, 6.4 mM, 1.4 mM) have determined for the blood 
group H (al, 2) fucosyltransf erase. Moreover, this apparent Km 
is also very similar to the one exhibited by the 
(al, 2) fucosyltransf erase in extracts prepared from COS-l cells 
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transfected with pH3 . 4 (4.4 mM) . This apparent Km is distinct 
from the one exhibited by an (al , 2 ) f ucosyltransf erase found in 
human milk enzyme (15.1 mM) , that is though to represent the 
(al f 2) fucosyltransf erase encoded by the Se locus. These data 
demonstrate that the cDNA in plasmid pCDM7 -a (1,2) FT determines 
expression of an (al , 2 ) fucosyltransf erase whose kinetic 
properties reflect those exhibited by the human H blood group 
(al, 2) fucosyltransf erase. 

The cDNA sequence predicts a Type II transmembrane 
glycoprotein. The cDNA insert in pCDM7 -a ( 1 , 2 ) FT is 3373 bases 
pairs long. Its corresponding transcript is 3 . 6 kb in length, 
suggesting that this cDNA is virtually full-length. Two 

potential initiator codons— are found -wit-hin^-its firsts! 75 

nucleotides. Only the second of these, however, is embedded 
within a sequence contest associated with mammalian 
translation initiation. The methionine codon initiates a long 
open reading frame that predicts a protein of 3 65 amino acids 
(SEQ ID NO:6), with a calculated Mr of 41,249 Da. This open 
reading frame is co linear with the open reading frame found in 
the 3.4 kb EcoRl fragment in pH3.4. Hydropathy analysis of 
the predicted protein sequence indicates that it is a Type II 
transmembrane protein, as noted for several other cloned 
glycosyltransf erases. This topology predicts an 8 residue Nik- 
terminal cytosolic domain, a 17 residue hydrophobic 
transmembrane domain flanked by basic amino acids, and a 340 
amino acid COOH-terminal domain that is presumably Golgi- 
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resident and catalytically functional. Two potential N- 
glycosylation sites are found in this latter domain suggesting 
that this sequence, like other glycosyltransf erases , may exist 
as a glycoprotein. No significant similarities were found 
between this sequence and other sequences in protein or DNA 
databases (Protein Identification Resource, Release 21. 0 f and 
Genbank, Release 60.0), with the exception of a 642 bp 
sequence within the 3 » -untranslated segment of the cDNA that 
is similar to the human Alu consensus sequence. Moreover, the 
inventor identified no significant sequence similarities 
between this cDNA sequence or its predicted protein sequence, 
and those of other cloned glycosyltransf erase cDNAs . 

The protein en coded bv_the. cDNA J.s an_ „ „ 

(qq , 2 ) fucosyltransf erase . The results of the expression 
experiments present above, when considered together with the 
domain structure predicted by the cDNA sequence, are 
consistent with the presumption that it encodes an 
(oel,2) fucosyltransf erase. Nonetheless, the inventor wished to 
directly confirm this, and thus exclude the possibility that 
it instead encodes a molecule that trans -determines this 
enzyme activity. The inventor therefore fused the putative 
catalytic domain of the predicted protein to a secreted form 
of the IgG-binding domain of Staph, aureus protein A (see 
Experimental Procedures) in the mammalian expression vector 
pPROTA, to yield the vector pPROTA-a (1,2) FT C . By analogy to 
similar constructs the inventor has prepared with other cloned 
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glycosyltransf erases (detailed infra) , he expected that if the 
cDNA sequence actually encodes an (al , 2 ) fucosyltransf erase , 
then plasmid pPROTA-a (1,2) FT C would generate a secreted, 
soluble, and affinity purifiable (al , 2) fucosyltransf erase. 
Indeed, conditioned media prepared from a plate of COS-l cells 
transfected with pPR0TA-a(l,2)FT c contained a total of 5,790 
units of (al , 2) fucosyltransf erase activity, whereas a total of 
1,485 units were found to be cell-associated. Moreover, 
virtually 100% of the released (al , 2 ) fucosyltransf erase 
activity was specifically retained by IgG-Sepharose , and most 
could be recovered after exhaustive washing of this matrix* 
By contrast, the inventor found that most of the activity in 
C0S-4— cells transfected with pCDM-7-a ( 1 , 2 ) FT was cell- 
associated (3450 units), with only trace amounts of activity 
in the conditioned media prepared from these cells (-80 
units) . Virtually none of this latter activity bound to 
either matrix. Extracts prepared from COS-l cells transfected 
with vector pCDM7 or vector pPROTA did not contain any 
detectable cell-associated or released 

(al, 2) fucosyltransf erase activity. These data demonstrate 
that the cDNA insert in pCDM7-a (1, 2) FT~encodes an 
(al, 2) fucosyltransf erase, and that information sufficient to 
generate a catalytically active (al f 2) fucosyltransf erase is 
encompassed with the 333 amino acids distal to the putative 
transmembrane segment. 



-113- 



Experimental Procedures for Example I. "Cloning and 
Ex pression of a DNA Sequence Encoding 
( del , 2 ) Fucosyltransf erase 11 . 

The term "L cells" used throughout: the text refers to the 
mouse Laprt'tk" cell line. 

Lactose , N-acety llactosamine , 2 1 -f ucosy llactose 
(Fuca(l,2) Gal/3(l,4)Glc) , UDP-GalNAc, phenyl-£-D-galactoside, 
and Ficoll 400 were obtained from Sigma. L-Fucose was from 
Pfanstiehl Labs (WauJcegan, IL) . UDP[ l- 3 H]N-acetylgalactosamine 
(8.7 ci/mmol) and D-[U- u C]mannose (239 mCi/mmol) were from 
DuPont-New England Nuclear. D-(2- 3 H]mannose (16.3 Ci/mmol), 
L-[6- 3 H]fucose (72 Ci/mmol), L-[ 1- 14 C] f ucose (58.7 mCi/mmol) , 
GDP[U- l4 C]-0-L-fucose (268 mCi/mmol) , and [ot- 32 P]dCTP (3000 
Ci/mmol) were from Amersham Corp. Nonradioactive GDP-fucose 
was kindly provided by Dr. Eric Holmes (Seattle) . FITC-ECA 
was obtained from E-Y Labs (San Mateo, CA) . Plasmid pSV2-neo 
was obtained from Dr. David Chaplin (Washington University, 
St. Louis) . Restriction enzymes (New England Biolabs or 
Boehringer Mannheim) were used according to the manufacturer's 
instructions . 



Antisera : 

Monoclonal anti-H P anti-A, and anti-B antibodies (mouse 
IgM) were purchased from Chembiomed, Ltd. (Alberta, Canada). 
Monoclonal anti-H antibody BE2 was prepared from BE2 hybridoma 
cell culture supernatants (see below) . Anti-mouse IgM and 



-114- 



FITC-labeled antimouse IgM (both antigen-affinity purified, 
goat) were from Sigma. 



Cell Li nes and Culture : 

Mouse Laprftk- cells were obtained from Dr. David Chaplin. 
Human A431 cells were, from Dr. Brian Whiteley and Dr. Luis 
Glaser (Washington University, St. Louis) . BE2 cells were 
obtained from the American Type Culture Collection. Cells 
were grown in Dulbeoco's modified Eagle's medium (GIBCO) 
supplemented with 10% fetal calf serum (Hyclone, Logan, UT) . 
Transfected cells were grown in media containing G418 (GIBCO) 
at 4 00 jug/ml (active drug) . 



Preparation o- f Genomic DNA : 

High molecular weight genomic DNA was prepared from 
cultured cells by standard methods. Samples of genomic DNA 
were electrophoresed through 0.3% agarose gels buffered in 
Tris-acetate-EDTA to confirm their integrity and to estimate 
the average size of the molecules in the preparations. 

Transfections : - -- 

The calcium phosphate precipitation method was used to 
transfect mouse L cells with human genomic DNA. Cells (5 X 
107100-mm dish) were incubated overnight with DNA precipitates 
20-30 ixg of genomic DNA and l M g of pSV2-neo) . No exogenous 
pSV2-neo DNA was included in transfections that generated the 
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mHs2 secondary library. The cells were fed fresh media the 
following day and were placed under G418 selection the next 
day. Transfection efficiencies were estimated by harvesting 
transfected cells 1 day after addition of DNA and plating 
duplicate serial dilutions of the cell suspensions • One set 
of dilutions was grown under G418 selection, and the other was 
grown in the absence of antibiotic to allow the derived 
transfection efficiencies to be corrected for plating 
efficiency. After 2 weeks of growth, colonies were counted 
after staining with 0.2% methylene blue in 50% methanol. 
Approximately 2 000 independent transf ectants were typically 
obtained by transfecting 5 X 10 5 cells on a 100-mm dish. 



Immunologic Selection of H-expressincr Transf ectants ; 

Transf ectants were removed from culture dishes by 
incubating them with PBS containing 3 mM EDTA. Detached cells 
were washed and resuspended in staining medium (10 mM Hepes, 
pH 7.4, 0.1% sodium azide, 2% fetal calf serum in Dulbecco's 
modified Eagle *s medium). The cells were kept at 4°C 
throughout the panning or cell sorting procedures. Cell 
cloning was done by plating cells at low density, allowing 
individual cells to form colonies, and isolating individual 
colonies with cloning cylinders. 

Panning - Bacteriological culture dishes (Falcon 1007, 60 
mm) were prepared for panning. Goat antimouse IgM was coupled 
to the dishes by incubating them overnight at 4°C with 4 ml of 




-US- 
antibody solution diluted to 10 jig/ml in 50 xnM Tris, pH 9.5. 
The antibody solution was aspirated, and the dishes were 
washed twice with PBS . The dishes were then blocked by 
incubating them at room temperature for at least 1 h with PBS 
containing 1 mg/ml bovine serum albumin. Dishes were then 
used immediately or were stored indefinitely at 4°C. The 
dishes were washed three times with PBS prior to use. 

Cells to be panned were resuspended at a concentration of 
10 7 /rcil, in staining media containing anti-H antibody at 10 
jug/ml. The cells were incubated for 3 0 min at 4°C, and unbound 
antibody was removed by pelleting the cells through 10 ml of 
PBS containing 1 mM EDTA , 0.1% sodium azide, and 2% Ficoll 
400. After centrif ugat ion , the supernatant was carefully 
aspirated, and the cells were resuspended at 10 6 /ml, in 
staining media. Three-ml aliquots of this cell suspension 
were applied to 60-mm panning dishes coated with goat 
anti-mouse IgM. The dishes were then incubated for 1 h at 
4°c f and were then rinsed 5 times with serum-free Dulbecco's 
modified Eagle's medium to remove nonadherent cells. Fresh, 
serum-replete media was added to the dishes, and they were 
returned to the tissue culture incubator. The next day, 
adherent cells were removed with trypsin-EDTA and were 
replated on standard tissue culture dishes. These cells were 
grown for 10-18 days prior to the subsequent selection. 

Cell Sorting - Transf ectants were prepared for FACS 
analysis by incubating them for 3 0 min at 4°C with monoclonal 




-117- 

IgM anti-H antibody (10 jug /ml in staining media) or with a 
control monoclonal igM anti-B antibody (10 jug/ml) in staining 
media) . The cells were then washed in ice-cold staining 
media, and incubated for 3 0 rain at 4°C in staining media 
containing f luorescein-conjugated goat antimouse IgM at 40 
Mg/ml. The cells were washed, resuspended in staining media, 
and subjected to analysis by the FACS (Coulter Electronics 
model Epics C) . Samples were gated on forward and 90° light 
scatter to eliminate dead cells from analysis. H-expressing 
cells were collected aseptically into staining media and then 
returned to culture for 10-18 days before additional 
selections. 

Rosette Procedure - A rosetting method was used to 
identify colonies of transf ectants that bound anti-H antibody. 
This was done on 100-ram dishes containing isolated colonies 
comprised of approximately 100-3 00 cells. Plates of colonies 
were first rinsed twice with PBS and were then incubated for 1 
h at 4°C with 4 ml of mouse IgM monoclonal anti-H antibody at 
10 Mg/ml in PBS, 2% fetal calf serum, 0.1% sodium azide. The 
plates were then rinsed three times with PBS, and were 
incubated for 3 0 min at 4°C with 4 ml of human erythrocytes 
conjugated with goat anti-mouse IgM. (Goat anti-mouse IgM was 
coupled to human blood group o red cells with chromic 
chloride. After conjugation, the red cells were washed with 
PBS, diluted to a 0.2% v/v suspension in PBS, 2% fetal calf 
serum, 0.1% sodium azide, and were used immediately.) 
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Af terwards , the suspension of erythrocytes was carefully 
aspirated, and the plates were gently rinsed with PBS and 
examined on a light box. Colonies that had bound anti-H 
antibody were macroscopically visible as "rosettes" consisting 
of red cells adherent to the colonies. 

Purification o f Blood Group A ( q— i . 3 ) GalNAc Transferase ! 

Group A transferase was isolated from human blood group A 
plasma by affinity chromatography on Sepharose 4B (Sigma lot 
no. 104F0334) • Column fractions containing the peak of enzyme 
activity were pooled, mouse serum albumin (Behring Diagnostics 
>98%) was added to a 1% concentration, and aliquots were 
stored at -80 °c until use. The activity of the final 
preparation was determined by a standard radiochemical method. 
One enzyme unit is defined as one nmol of GalNAc transferred 
to 2 '-fucosyllactose acceptor/h. 

Paper Chromatography : 

Descending paper chromatography was performed using 
Whatman No. 3mm or Whatmann No. l in the following solvent 
systems: Solvent A, ethyl acetate/ pyridine/water (10:4:3); 
Solvent B pyridine/water/ ethyl acetate (10:11:5:36), upper 
phase. The dried chromatograms were cut into 1-cm strips and 
radiolabeled compounds were eiuted with water. Radioactivity 
in an aliquot of each eluate was determined by scintillation 
counting. 
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Analvsi s of L Cell GDP-Fucose Content: : 

To identify GDP-fucose in mouse L cells, cells (2.5 X 10 6 ) 
were labeled for 3 days with 250 /iCi of D-(2- 3 H]mannose in 30 
ml of complete media. Cells were harvested and extracted with 
60% ethanol for 5 min in a boiling water bath. The aqueous 
extract containing nucleotide sugars was concentrated under 
vacuum and resuspended in a small volume of water. Unlabeled 
GDP-mannose (270 nmol) and GDP-fucose (130 nmol) were added as 
internal standards, as the mixture was subjected to gel 
filtration chromatography on a Sephadex G-25 column (0.9 X 
42-cm) equilibrated in 50 mM ammonium acetate. The eluate was 
monitored at 268 nm; fractions containing GDP-fucose and 
GDP-mannose were— pooled, concentrated under vacuum, and 
resuspended in 2 00 fxl of water. This was subjected to 
fractionation by HPLC on a weak anion exchange column (AX300, 
4 mm X 24 cm, Pierce Chemical Co.)* The sample was applied to 
the HPLC column equilibrated in 100 mM triethylamine acetate, 
pH 7.0, and was eluted with a linear gradient from 100 to 300 
mM triethylamine acetate, pH 7.0 in 50 min at a flow rate of 2 
ml/min. The eluant was monitored at 268 nm, and fractions (0.5 
ml) were collected for scintillation counting and subsequent 
analysis. The unlabeled nucleotide sugar internal standards 
were identified by their characteristic elution times 
(GDP-fucose f 3 5.5 min. approximately 800 cpms; GDP-mannose, 
33.0 min. approximately 1000 cpms). The radioactive peaks 
corresponding to the fractions coeluting with unlabeled 
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GDP-fucose and GDP-mannose were subjected to hydrolysis with 
0.1 N HC1 for 45 min at 100°C. These were then fractionated 
by descending paper chromatography on Whatman No. 3 MM in 
solvent B for 20 h, in parallel with L-[ 14 C] fucose and D-[ I4 C] 
mannose standards. In each case, approximately 3 0% of the 
counts hydrolyzed were recovered as the appropriate 
monosaccharide . 

Analysis of Fucose-labeled Glvcor>eptides : 

Radiolabeled glycopeptides were prepared and analyzed. 
Mouse L cells (2 X 10 6 ) were labeled for 3 days with 2 00 ^Ci of 
L-[6- 3 H] fucose in 20 ml of complete media. Cells were 
harvested and extracted with chloroform, and then water, and 
the pellet remaining after the final extraction was subjected 
to exhaustive digestion with Pronase (Behring Diagnostics) . 
This was then desalted by gel filtration chromatography on 
Sephadex G-25-80. This material was concentrated under vacuum, 
and an aliquot was hydrolyzed in 0.1 N HCl at 100°C for 45 
min. The hydrolysate was then subjected to descending paper 
chromatography on Whatman No. 3 MM in solvent B for 20 h, in 
parallel with an L-[ l4 C] fucose standard. Approximately 26% of 
the counts present in the macromolecular material were 
released and cochromatographed with the radiolabeled fucose 
standard . 
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Assav of GDP-L-Fucose: jg-D-Galactoside 2-a-L- 
Fucosvltransf erase : 

Cultured cells were washed with PBS, pelleted by 
centrif ugation, and resuspended in a small volume of 25 mM 
sodium phosphate, pH 6.1, containing 0.5% Triton X-100. 
Volumes were adjusted to achieve a protein concentration of 
approximately 5 mg/ml (BCA method, Pierce Chemical Co.). 
Extracts were typically assayed immediately after preparation. 
The standard assay contained 5-20 fil of enzyme solution 
(typically 3 0-100 /xg of cell extract protein or 15 til of 
serum) in 40 /il of 25 mM potassium phosphate, 0.1% Triton 
X-100, 3 }M GDP-[ l4 C]fucose, 25 mM phenyl-/3-D-galactoside, and 
5 mM ATP. The pH of the react io n m ix tur e was adjusted to a 
final measured pH of 6.1. Assays were terminated after an 
appropriate period of time by the addition of 20 Ml of 
ethanol. The mixture was then centrifuged at 15,000 X g for 5 
min. The supernatant was collected, spotted on Whatman No. 1, 
and subjected to fractionation by descending paper 
chromatography for 4 h in Solvent A. Radioactivity was then 
determined as described above. In all cases, parallel 
reactions were done in the absence of added phenyl-/?- 
D-galactoside acceptor to allow correction for endogenous 
acceptor molecules. No products of endogenous acceptor 
molecules cochromatographing with fucosylated phenyl- 
j3-D-galactoside were identified in any samples. 
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g-Fucosidase Digestion : 

[ l4 C] Fucosylphenyl-/3-B-galactoside (approximately 10 , 000 
cpm) was isolated from fucosyltransf erase assays by paper 
chromatography, concentrated from the water eluate under 
vacuum, and resuspended in 5 ^1 of water. This was digested 
with 0.025 units of bovine kidney a-L-fucosidase (EC 3.2.1.51) 
in a final volume of 20 /xl containing 5 mM sodium citrate, pH 
6.0 f at 37°C for 1 h. This mixture was then fractionated by 
descending paper chromatography on Whatman No. 1 in Solvent A 
for 4 h. Products of the digestions were identified by 
comparison to parallel separations of authentic L-[ i4 C] f ucose, 
and purified [ l4 C] f ucosylphenyl-j3-D-galactoside synthesized by 
human plasma H (ce-1, 2) fucosyltransf erase.. 

Indirect Immunofluorescence : 

Immunof luoroscence was performed on cells plated on 
8 -well tissue culture chamber slides (Lab-Tek) . Cells were 
plated at a density of 5 X l0 4 /well 24 h prior to analysis. 
Anti-H and anti-A primary antibodies were diluted in PBS 
containing bovine serum albumin at 2 mg/ml, to a final 
concentration of 10 Mg/ml. Cell-bound primary antibodies were 
detected with FITC-conjugated goat anti-mouse IgM, diluted to 
40 Mg/ml in PBS containing 2 mg/ml bovine serum albumin. 

Hapten Inhibition - Plated cells were washed twice with 
PBS, and were incubated for 30 min at 4°C with 100 Ml of 
diluted anti-H antibody, or with 100 /xl of diluted antibody 
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containing different oligosaccharide haptens, each at a 
concentration of 2 0 mM. The chambers were then washed twice, 
and 100 fil of FITC-conjugated goat anti-mouse IgM was added. 
After 3 0 min at 4°C, the chambers were washed three times with 
PBS , and the cells were fixed at room temperature for 10 min 
in 3.7% formaldehyde in PBS. The cells were washed twice with 
PBS, the chambers were removed, and the slide was mounted in 
PBS containing 2 5% glycerol. Cells were examined by 
fluorescence microscopy using a Zeiss Axiophot photomicroscope 
equipped with fluorescence epiillumination. 

Labeling of Intact Cells with Human Blood Group A (a- 
l,3)GalNac Transferase - Cells plated in culture slide 
chambers were washed twice with 150 m M NaCl and were then 
fixed for 10 min at room temperature in 3.7% formaldehyde in 
150 mM NaCl. The cells were washed three times with 150 mM 
NaCl and were then incubated with 100 /xl °f complete 
transferase reaction mixture or a control mixture. The 
complete transferase mixture consisted of 150 mM NaCl, 15 mM 
MnCl 2 , 50 mM sodium cacodylate, pH 6.8, 0.2% bovine serum 
albumin, 1 mM UDP-GalNAc, and 1.14 units of human blood group 
A (a-1, 3)GalNAc transferase. Control mixtures consisted of 
identical components except for the omission of either 
UDP-GalNAc or blood group A (a-l, 3) GalNAc transferase. 
Incubations were performed at 37 °C and were terminated after 
either 4 or 24 h by washing the chambers twice with PBS. The 
cells were then analyzed by indirect immunofluorescence using 
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mouse monoclonal anti-A or anti-H antibodies, as described 
above for the hapten inhibition studies. 

Southern Blotting : 

Genomic DNA was digested to completion with restriction 
enzymes (8 units /fig DNA, overnight digestion) . The 
restriction fragments were fractionated by electrophoresis 
through 0.6% agarose gels buffered in Tris-borate-EDTA. The 
DNA fragments were then transferred to nylon membranes 
(Hybond-N, Amersham Corp.)/ according to the standard Southern 
blotting method. Blots were prehybridized at 3 9 °C for at 
least 2 h in 50% formamide f 5 SSC (1 X SSC is 150 mM NaCl, 15 
mM sodium citrate, pH 7.0, 1 X PE is 50 mM Tris r pH 7.5, 0-1%, 
sodium pyrophosphate, i% sodium dodecyl sulfate, 0.2% 
polyvinylpyrrolidone (^40,000), 0.2% Ficoll (1^400,000), and 5 
mM EDTA) , and 150 ^cg/ml denatured salmon sperm DNA. 
Hybridizations were done in the same solution at 3 9 °C for at 
least 16 h. Blots were washed four times at room temperature 
in 2 X SSC, 0.1% sodium dodecyl sulfate, and then once for 3 0 
min at 65 °C in 0.75 X SSC, 0.5% sodium dodecyl sulfate. The 
BLUR8 probe consisted of a 3 00-base pair BamHI segment 
isolated from the BLUR8 plasmid. This fragment was subjected 
to two cycles of gel purification prior to labeling to ensure 
that it was free from contaminating plasmid sequences. Probes 
were labeled with [ a 32 p ] dCTP to a specific activity of at least 
5 X 10* cpm//xg using the random priming method. 
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Paper Chromatography 



Descending paper chromatography was 



performed using Whatman No. 40 in ethyl acetate/pyridine/water 
(10:4:3; Solvent A) or using Whatman No. 3 MM in 95% ethanol/1 
M ammonium acetate (7:3; Solvent B) . 14 C-Labelled compounds 
were located by autoradiography of dried chromatograms. 
Alternatively, the dried chromatograms were cut into 1 cm 
strips and the radiolabelled compounds were eluted with water. 
An aliquot of each eluate was mixed with scintillation 
cocktail and radioactivity was determined in a scintillation 
counter. 

Preparation of Radiolabelled Standards [ l4 C] Fucose- 1-phosphate 
was prepared by enzymatic cleavage of GDP- [ l4 C] fucose (1 nmol) 
with snake venom phosphodiesterase (EC 3. 1.4.1, 1 jutl, 0.003 
units f Boehringer-Mannheim) in 20 /xl of 100 mM Tris-HCI, pH 8 
at 3 7 °C for 1 h. The reaction was then fractionated by 
descending paper chromatography on Whatman No. 3 MM using 
Solvent B for 20 h in parallel with GDP-[ 14 C] fucose and 
[ i4 C3 fucose. [ I4 C] Fucose- 1-phosphate (R jUeos€ = 0.45) was then 
eluted from the chromatogram with water and concentrated under 
vacuum. [ l4 C] Fucosylphenyl-j3-p_-galactoside was generat_ed _f rpm 
GDP- [ 14 C] fucose (3 mm) and phenyl-£-D-galactoside (25 mM) by 
the action of (acl , 2) fucosyltransf erase activity in human 
serum, using the reaction conditions described below for assay 
of a (l, 2) fucosyltransf erase. The products of this reaction 
were fractionated by descending paper chromatography on 
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Whatman No. 40 for 4 h in Solvent A* 
[ u C]Fucosylphenyl-j3-D-galactoside was identified by 
autoradiography of the dried chromatogram and was then eluted 
from the paper with water and concentrated under vacuum. 
Alternatively, [ l4 C] f ucosy lphenyl-jS-D-galactoside was isolated 
from fucosyltransf erase assay mixtures using the Sep-Pak 
procedure described below. 

Cell Lines and Cell Culture COS-1 cells were obtained from 
the American Type Culture Collection and were grown in 
Dulbecco's modified Eagle's medium containing 10% fetal calf 
serum. 



determined by the BCA method (Pierce Chemical Co.) according 



used as the standard. 

Preparation of Cell Extracts Cells were washed with PBS f 
removed from culture dishes with a rubber policeman, and 
pelleted by centrifugation. Cell pellets were resuspended in 
2 volumes of cold 1% Triton X-100 (Surfactamps X-100, Pierce 
Chemical Co.) and sonicated for 15 seconds using a Branson 
sonicator equipped with a micro tip at 50% power. These 
extracts were either assayed immediately, or were stored at 
-20°C until use. Under these conditions, enzyme activity in 



Protein Determinations 



Protein concentrations were 



to the manufacturer's instructions. 



Bovine serum albumin was 
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the frozen extracts was stable for several weeks f but 
deteriorated rapidly on repeated f reezethawing. Tissues from 
C3H mice were isolated, minced with a razor blade, suspended 
in 2 volumes of 1% Triton X-100 and sonicated as described 
above, centrifuged at 1500 x g for 5 min and the supernatants 
were collected. Mouse intestinal mucosa extracts were 
prepared by everting the small intestine onto a thin 
polypropylene rod, scraping the mucosa cells into phosphate 
buffered saline, and collecting the cells by centrif ugation at 
1500 x g. Extracts were then prepared as described above. 

Partial Purification of Mouse Intestinal 
(al . 2 ) Fucosvltransf erase 

Preliminary experiments indicated that extracts prepared 
from mouse intestinal mucosa contained large amounts of an 
activity that hydrolyzed GDP-fucose in an acceptor- independent 
manner. Since substrate hydrolysis interfered with accurate 
determination of (al, 2) fucosyltransf erase activity, intestinal 
extracts were fractionated by anion exchange chromatography to 

separate GDP-fucose hydrolysis activity from 

(al, 2) fucosyltransf erase activity. All procedures were 
performed at 40°C. Two ml of the Triton-solubilized extract 
was made 10 mM in Tris-HCl, pH 7.6, and treated for 5 min with 
2 ml (bed volume) of DEAE-cellulose (DE52, Whatman) previously 
equilibrated with 10 mM Tris-HCl, pH 7.6. The enzyme solution 
was filtered, made 10 mM in sodium phosphate buffer and the pH 
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was adjusted to 6.1. Approximately 47% of the enzyme activity 
present in the initial extracts was recovered after the 
DEAE-cellulose fractionation procedure, A second treatment 
with DEAE-cellulose resulted in substantial loss of enzyme 
activity with no significant reduction in GDP-fucose 
hydrolysis activity (data not shown) . When used under 
standard fucosyltransf erase assay conditions, but in the 
absence of added acceptor, this preparation hydrolyzed less 
than 2% of the GDP-fucose initially present in the reaction. 

Ammonium Sul fate Fractionation of Serum Serum was prepared 
from freshly drawn blood obtained from a non-Secreior 
individual. The blood was clotted in a glass tube at 37 °C for 
1 h and was immediately fractionated by ammonium sulfate 
precipitation exactly as described. The 20%-40% ammonium 
sulfate fraction was dialyzed against 2 changes of 4 liters of 
water (8 h each) at 4°C Assay of (al, 2) fucosyltransf erase 
was done immediately. Alternatively, the fractionated serum 
was aliquoted and stored at -20 °C until use. 

Ion Exchange Chromatography of Human Milk 
(al . 2) FucosvltransferafiP 

(al f 2) Fucosyltransf erase was isolated from human milk by 
published procedures. Briefly, 3 00 ml of milk from a 
Se-positive donor was defatted by centrifugation and was 
extensively dialyzed against 20 mM sodium cacodylate, pH 6.0. 
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This was applied to a column. (2.6 x 115 cm) of 

sulfopropyl-Sephadex equilibrated in 2 0 mM cacodylate f pH 6.0. 
The column was then washed with 1 liter of 2 0 mM cacodylate, 
pH 6,0, and was eluted with a linear gradient made from 1.5 
liter each of 20 mM cacodylate, pH 6.0, and 500 mM NaCl in 20 
mM cacodylate, pH 6.0. Fractions (13 ml) were collected and 
assayed for (al, 2) fucosyltransf erase activity using 
phenyl-£-D-galactoside acceptor as described below. Fractions 
130-144 contained (al , 2 ) fucosyltransf erase activity. These 
were combined, concentrated to 1 mi by ultrafiltration in an 
Amicon stirred cell fitted with a YM5 membrane (MW cutoff = 
5,000), and were then equilibrated against cold deionized 
water. The concentrated enzyme was aliquoted and stored at 
-80°C. 

Synthesis and Characterization of GDP-fl-L-fucose and 
GDF-or-L-fucose 

GDP-£-L-fucose was synthesized and purified by 
modifications of the method of Nunez et al. (Nunez et al. Can. 
J. Chem., 59, 2086-2095, 1981). The modified method described 
here eliminates the need to separate the anomeric 
1-fucopyranosyl phosphates by differential crystallization 
prior to subsequent synthetic steps. Separation of anomeric 
products is effected by HPLC subsequent to the last synthetic 
procedure. 



-130- 



Pyridine and tetrahydrof uran (Aldrich) used in the 
synthesis were boiled under reflux over calcium hydride, 
distilled and stored over 4 A molecular sieves. All 
evaporations were performed under reduced pressure on a rotary 
evaporator, with a bath temperature below 3 5°C. L-Fucose was 
acetylated exactly as described in Nunez et al ( Can. J . Chem. . 
59, 2086-2095, 1981). The resulting mixture of 

2 , 3 , 4-tri-O-acetyl-a- and £-L-fucopyranoses (2.7 g, 9.27 mmol) 
was phosphorylated using o-phenylene phosphochloridate. The 
crude reaction product containing a mixture of anomeric 
1-fucopyranosyl phosphates was fractionated on a Dowex-1 
column (HC0 3 -, 2 0-50 mesh, 1.5 x 2 3 cm) preequilibrated in 
water. After application of the anomeric mixture, the column 
was washed with water (500 ml) and eluted with 400 mM 
triethylammonium bicarbonate buffer, pH 7.5 (250 ml). The 
tri ethyl ammonium bicarbonate eluant was evaporated to a thick 
syrup under reduced pressure. The syrup was dissolved in 
water and evaporated to dryness. This partially purified 
anomeric mixture of 1-fucopyranosyl phosphates (bis- 
tri ethyl ammonium salt, crude yield 7 0%) was used for the 
synthesis of GDP-/3-L-f ucose. The anomeric 1-fucopyranosyl 
phosphates (200 mg) were first repeatedly dissolved in dry 
pyridine and then evaporated to dryness in vacuo. Guanosine 
S'-phosphomorpholidate (400 mg) was then added to the dried 
anomeric 1-fucopyranosyl phosphates. This mixture was 
subjected to repeated resuspension in dry pyridine and 
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evaporation to dryness in vacuo. The reaction mixture was 
then suspended in dry pyridine (15 ml) and was incubated at 
room temperature. The formation of GDP-j3-L-fucose was 
monitored daily by high performance liquid chromatography 
(HPLC) on a weak anion exchange column (AX 300, 4.6 mm x 22 
cm, Pierce Chemical Co.)* An aliquot (10 fil) from the 
reaction mixture was evaporated to dryness, dissolved in water 
and mixed with GDP-[ !4 C] fucose (2000 cpm) . The sample was then 
applied to the HPLC column equilibrated in water, and was 
eluted with a linear gradient from 100% water to 250 mM 
triethylammonium acetate, pH 7.0, in 60 min at a flow rate of 
2 ml /min. The eiuant was monitored at 2 68 nm, and 0.5 ml 
fractions were collected for scintillation counting to 
identify the co- injected GDP- [ l4 C] fucose* Three peaks 
absorbing at 2 68 nm eluted at approximately 180 mM 
triethylammonium acetate* The retention time of the first 
peak (38.5 min) was identical to the retention time of 
GDP-a-L-fucose (see below). The second peak eluted at 40*6 
min, and coeluted with the GDP-j3-L-[ l4 C] fucose standard. A 
third small peak eluting at 42.4 min was not identified. The 
reaction was judged to be essentially complete after 5 days. 
The proportion of a to 0 anomer in the final reaction mixture 
was found to be approximately 2:3. The reaction was then 
evaporated to dryness and dissolved in water. GDP-/3-L- fucose 
was purified from this solution on a preparative Hydropore AX 
column (21.4 mm x 25 cm, Rainin Instruments Co.). Aliquots of 
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the aqueous solution were applied to the column equilibrated 
in water, and the sample was eluted with a linear gradient of 
100% water to 200 mM triethylammonium acetate, pH 7,0, in 45 
min, at a flow rate of 10 ml/min. The eluant was monitored at 
268 nm. GDP-cr-L-f ucose eluted at 3 6.2 min. GDP-#-L-f ucose 
eluted at 3 8.5 min. The GDP-j3-L-f ucose peak was collected and 
evaporated to dryness under reduced pressure. Ammonium 
acetate was removed by repeated co-evaporation with water. 
The compound that co-eluted with GDP- [ l4 C] f ucose , and that we 
tentatively identified as GDP-j3-L-f ucose , was subjected to 
negative ion fast atom bombardment mass spectrum analysis 
(xenon) , using a VG mass spectrometer (model 7B-250S) . The 
results (m/z [M-H]* 588) were consistent with this 
identification. The compound was then analyzed by proton 
decoupled l3 C NMR spectroscopy to confirm the anomeric 
configuration of the f ucose, and to further establish the 
identity of the compound as GDP-0-L-f ucose. Proton decoupled 
l3 C NMR spectra were obtained on a Bruker WM 3 60, operating at 
909.5 MHz and a sweep width of 221 ppm with 32K data points. 
Probe temperature was 38±l°c. Resonances are reported in ppm 
relative to tetramethylsilane. This analysis yielded the 
following spectral data: 13 C NMR (40 mM in D 2 0, pH 7-0); 
guanine: 5140.27 (CI and C8), 156.46 (C2) , 154.38 (C4) , 
118.85 (C5) , 161.46 (C6) ; ribosyl moiety: 89.36 (CI), 76.06 
(C2), 73.6 (C3), 86.4 (C4) , 67.8 (C5) ; fucosyl moiety: 100.9 



-133- 



(Cl) , 75,09 (C2), 73.94 ( C3 ) , 73.71 (C4), 73*02 (C5), 17.35 

(C6) . The distinction between anomeric forms of GDP-L-fucose 
is based upon the chemical shift of anomeric C(l) of the 
fucose ring. The C(l) resonance of the fucose ring in the 
/3-anomer is shifted downfield (100.9 ppm) relative to the 
resonance of the anomeric C(l) in the a anomer (98.31 ppm, see 
below) . The values obtained for this compound are essentially 
identical to those reported by Nunez et al. for 

GDP-(3-L-fucose. The resonances attributable to the C atoms of 
the guanine, ribose and fucose ring are also in agreement with 
the literature values. 

GDP-a-L-fucose was synthesized in a manner similar to 
that described for the preparation of GDP-0-L- fucose, except 
that the dicyclohexylammonium salt of 

(ot-L-(-) fucose-l-phosphate (Sigma) was used instead of the 
anomeric mixture of 1-fucopyranosyl phosphates. Analysis and 
purification of GDP-a-L-fucose was performed by HPLC using the 
same conditions described for GDP-j3~L- fucose. The purified 
compound, tentatively identified as GDP-a-L-fucose , was 
subjected to analysis by negative ion fast atom bombardment 
mass spectroscopy. The results (m/z [M-H]" 588) were 
consistent with this assignment. The subsequent analysis of 
the compound by l3 c NMR spectroscopy yielded the following 
spectral data: I3 C NMR (50 in D 2 0, pH 6.97); guanine: 5140.27 
(CI & C8), 156.46 (C2) , 154.41 (C4) , 118.84 (C5) , 161.46 (C6) ; 
ribosyl moiety: 89.35 (CI), 76.04 (C2) , 71.98 (C3) , 86.4 (C4) , 




-134- 

67.8 (C5) ; fucosyl moiety: 98.31 (CI) , 70.36 (C2) , 72.99 
(C3), 74.3 (C4), 70.36 (C5) , 17.88 (C6) . The C(l) resonance 
of the fucose ring in this compound (98.31 ppm) is consistent 
with an a anomeric configuration , as reported by Nunez et al. 
The resonances attributable to the C atoms of the guanine and 
the ribose ring are also in agreement with the literature 
values reported for these atoms in GDP-jS-L- fucose. 
GDP-)3-L-fucose was found to be inactive as a substrate for 
( al , 2 ) f ucosy Itransf erase . 

Assay of GDP-L-f ucose : d-D-aalactoside : 2-a-L-f ucosvltransf erase 

Fucosy Itransf erase assays were performed by a 
modification of the procedure reported by Chester et al. 
(Chester et al, Eur. J. Biochem. . 69: 583-593, 1976). The 
standard assay contained GDP— [ l4 C] fucose (3 jLiM) , 
phenyl-/3-D-galactoside (25 mM) , ATP (5 mM) and the enzyme 
solution (1-10 fil) in 20 m1 of 25 mM sodium phosphate buffer, 
pH 6.1. Based upon preliminary assays, amounts of added 
enzyme activities were adjusted to ensure that reactions were 
linear throughout the period of incubation (4 h for 
fractionated serum f 2 h for each of the other enzyme 
preparations). Under these conditions, less than 15% of the 
substrate was consumed during the incubation period. For the 
determination of pH optima, assays were buffered with 25 mM 
sodium acetate, sodium phosphate, or Tris-HCl, using 
concentrated solutions of these buffers previously adjusted to 
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various pH values. The final pH value of each reaction was 
determined with a micro pH probe. In assays to determine the 
apparent Km values for GDP-fucose, GDP- [ I4 C] fucose was diluted 
with unlabeled GDP-fucose to a final specific activity of 26*3 
mci/mmol. The concentration of GDP-fucose in this stock 
solution was calculated from the UV absorbance at 254 nm of an 
aliquot diluted in water. The molar extinction coefficient of 
GDP (e=13800 at 254 nm, pH 7.0) was used for this calculation 
since the extinction coefficient of GDP-fucose is not known. 
This stock was then used to yield variable GDP-fucose 
concentrations (3 - 3 00 /iM) in the assays. The concentration 
of phenyl-/?-D-galactoside in these assays was 25 mM, for all 
but the milk-derived enzyme. This was assayed in the presence 
of 7 5 mM phenyl-0-D-galactoside since the apparent Km 
exhibited by this enzyme for this acceptor is 15.1 mM. In 
assays to determine apparent Km values for 

phenyl-£-D-galactoside, the concentration of the acceptor was 
varied from 0.5 to 100 mM. GDP- [ l4 C] fucose was present in 
these assays at a concentration of 3 (iK. The relatively low 

specific activity of commercially available GDP- [ I4 C] fucose, 

and its cost, necessitated the use of a substrate 
concentration well below its K m in these experiments. All 
assays were performed at 3 7 °C. Assays were terminated after 
an appropriate period of time by addition of 20 /xl of ethanol, 
followed by dilution with 1 ml of water. The mixture was then 
centrifuged at 15 , 000 x g for 5 min. The supernatant 
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contained virtually 100% of the radiolabeled product; this 
was collected , and an aliquot was used for separation and 
quantitation of the fucosylated product using the hydrophobic 
interaction chromatography method described below. All assays 
were performed in duplicate or triplicate and included 
parallel incubations done in the absence of acceptor. The 
values obtained in the absence of exogenous acceptor were 
subtracted to correct for the presence of endogenous acceptor 
molecules. This background acceptor "activity" was always 
less than 3% of the radioactivity incorporated into the 
phenyl-j3-D-galactoside acceptor. Apparent Michaelis constants 
were derived from Lineweaver-Burke plots of acceptor 
concentration-rate determinations • Intercepts were calculated 
by the least squares estimation method ♦ 

A separation procedure based upon hydrophobic interaction 
chromatography was developed for rapid processing of large 
numbers of samples. This procedure effects separation of 
[ l4 C]fucosylphenyl-£-D-galactoside product from GDP-( !4 C] fucose 
on disposable c-18 Sep-Pak cartridges (Waters-Millipore) . The 
bottom of the Sep-Pak cartridge is mounted in one hole of a 
two-holed rubber stopper, and a 5 ml syringe is attached to 
the top of the cartridge. The other hole in the stopper is 
attached to a vacuum source (approximately 350 mm of Hg) . The 
mounted Sep-Pak cartridge is prepared by washing with 5 ml of 
acetonitrile, followed by 5 ml of water. This is done by 
separately pipetting each wash solution into the attached 
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syringe barrel and drawing it through the cartridge under the 
vacuum created when the rubber stopper (with attached vacuum 
line) is pressed onto the top of a 20 ml plastic scintillation 
vial. The contents of the syringe are aspirated through the 
cartridge into the vial. The fucosyltransf erase reaction 
sample is then loaded into the syringe and aspirated through 
the cartridge into a fresh scintillation vial. The 

[ l4 C]fucosylphenyl-(3-D-galactoside is retained on the Sep-Pak. 

cartridge. The cartridge is then washed sequentially by 

aspiration with three 2 ml portions of water, collecting each 

wash into a new scintillation vial* The 

[ 14 C] fucosylphenyl-£-D-galactoside product is then eluted by 
aspiration with three 2 ml portions of 50% acetonitrile. 
Scintillation cocktail (10 ml, Biosafe II, Research Products 
International) is added to each vial to obtain a clear 
solution and the radioactivity in each is determined by 
scintillation counting. Radioactivity eluting in fractions 
1-4 represents GDP-( t4 C]fucose, fucose-l-phosphate, and 
[ M C]fucose present either as a contaminant in the substrate as 
obtained from the manufacturer (approximately 1%) , or that is 
formed by substrate or product hydrolysis. Fractions 5-7 
represent [ 14 C] fucosylphenyl-j3-D-galactoside. The recovery of 
radioactivity with this procedure exceedis 97%. Reconstruction 
experiments showed that recovery of pure 
[ l4 C]fucosylphenyl-j3-D-galactoside is essentially 100%. 
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Separation and recovery are independent of pH and enzyme 
source, and are tolerant of detergents (Triton X-100 and 
Lubrol-PX) at concentrations up to 2%. Product separation by 
this method requires approximately one minute per sample, 
Sep-Pak cartridges have been reused indefinitely with no 
deterioration in performance. 

The Sep-Pak method does not separate GDP- [ 14 C] fucose from 
[ l4 C]fucose-l-phosphate and thus cannot detect nucleotide 
pyrophosphatase activity that may consume GDP-fucose while 
generating fucose- 1-phosphate and/or fucose. ATP (5 mM) was 
therefore included in all assays to inhibit nucleotide 
pyrophosphatase activity. Effective inhibition of 
pyrophosphatase activity was confirmed by descending paper 
chromatography analysis of mock fucosyltransf erase assays 
using each enzyme preparation. Each enzyme source was 
incubated for l to 4 h at 3 7*C in 2 0 /zl of standard assay 
cocktail, but in the absence of phenyl-j3-D-galactoside. After 
the reactions were terminated, an aliquot of each was spotted 
on Whatman No. 3 MM, fractionated by descending paper 
chromatography for 20 h in solvent B, and radioactivity was 
determined as described above. Authentic GDP- 1 i4 C] fucose, 
[ l4 C]fucose-l-phosphate, and L-[ 14 C] fucose standards were 
chromatographed in parallel. This system separates 
GDP-fucose f fucose-i-phosphate, and fucose. It therefore 
allows quantitation of the amount of GDP- [ 14 C] fucose remaining 
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at the end of the incubation, and thus provides an estimate of 
pyrophosphatase activity. Under the standard assay 
conditions, more than 97% of the GDP- [ 14 C] f ucose initially 
present in each mock reaction remained unhydrolyzed and 
available for transglycosylation. 

Each enzyme preparation was also tested for ac-fucosidase 
activity that could hydrolyze the 

[ l4 C] fucosylphenyl-0-D-galactoside product and prevent accurate 
determination of (al f 2 ) f ucosyltransf erase activity. Enzyme 
preparations were incubated with purified [ 14 C] f ucosylphenyl-jS- 
D-galactoside (7000 cpm f 10 pmol) in fucosyltransf erase assay 
buffer, but in the absence of added GDP- [ i4 C] f ucose or phenyl- 
fl-D-galactoside. These reactions were incubated at 37°C for 
various times, and were then fractionated by the Sep-Pak 
method to determine the amount of remaining [ l4 C] fucosylphenyl- 
0-D-galactoside. Fractionated human serum and mouse 
intestinal mucosa extracts each contained significant 
at-fucosidase activity. However, inclusion of 10 mM L-f ucose 
in the reaction cocktail effectively inhibited fucosidase 

activity in these enzyme preparations... .Therefore. 10. mM. 

L-f ucose was included when assaying these enzyme sources. 
Significant amounts of a-fucosidase activity were not detected 
in any of the other cell extracts; product hydrolysis never 
exceeded 1%/h under the standard assay conditions. 
Reconstruction experiments with these extracts showed that 
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L-fucose at a concentration of 10 mM does not alter the 
activity of (al , 2) fucosyltransf erase- 
In aggregate, these experiments showed that, under the 
conditions used to assay fractionated human serum f human milJc f 
and mouse intestinal mucosa, or crude cell extracts, the 
quantity of [ l4 C]fucosylphenyl-j3-D-galactoside product 
determined reflected true enzymatic activity, because both 
product hydrolysis and acceptor- independent hydrolysis of the 
GDP-fucose substrate were negligible. 

Digestion of f 14 C1 Fucos y lphenvl-fl-D-galactoside with 
g-Fucosidase 

[ l4 C] Fucosy lphenyl-0-D-galactoside (approximately 10 , 000 
cpm) was digested with 0.025 units of bovine kidney 
a-L-fucosidase (EC 3.2.1.51, Sigma) in a final volume of 20 fil 
containing 5 mM sodium citrate pH 6.0, at 37 °C for 1 h. This 
mixture was then fractionated by descending paper 
chromatography on Whatman No* 40 in Solvent A for 4 h. The 
products of the digestion were identified by comparison to 
parallel separations of L-[ U C] fucose and [ 14 C] fucosy Ipheny 1-0- 
D-galactoside standards. 

Isolation of Human DNA Restriction Fragments from Transfectant 
Clone s2-2 

High molecular weight genomic DNA was isolated from the 
H-expressing secondary transfectant s2-2, digested to 
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completion with EcoRI , and fractionated through a 1% agarose 
gel buffered in tris-borate-EDTA. The region of the gel 
containing the 2.7 kb and the 3.4 kb human EcoRI fragments was 
divided into 3 mm slices and the DNA in these was isolated by 
electroelution. Aliquots of the size-fractionated DNA were 
analyzed by Southern blotting with a radiolabelled Alu probe 
(BLUR8) , using hybridization and wash conditions described 
above. Fractions containing either the 2.7 kb or the 3.4 kb 
fragment were used separately to prepare phage libraries in 
lambda gtll. These libraries were screened with a 
radiolabelled BLUR8 probe. Positive phages isolated from a 
tertiary screen were used to prepared phage DNA, and phages 
containing either the 2.7 kb EcoRI fragment or the 3.4 kb 
EcoRI fragment were identified by Southern blotting. The 3.4 
kb or the 2.7 kb inserts were released from the phage arms by 
EcoRI digestion, purified by agarose gel electrophoresis and 
electroelution, and individually subcloned between the EcoRI 
sites in pWE15 . 

COS-1 Cell Trans fection Plasmid DNAs were transfected into 
COS-l cells by the DEAE-dextran procedure. Seventy two hours 
after transfection, cells were harvested, extracts were 
prepared as described above, and extracts' were subjected to 
assays for (al,2) fucosyltransf erase activity, for GDP-fucose 
hydrolysis activity, and for oc-fucosidase activity. 
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Isolation of Hu man a ( 1.2) FT cDNA clones . 1.8 X 10 6 recombinant: 
clones from an A4 31 cell cDNA mammalian expression library 
were screened by colony hybridization, using a 32 P- labeled 1.2 
kb Hlnfl fragment of pH3.4 as a probe. Filters were 
hybridized for 18 hours at 42°C in a hybridization solution 
described above, washed, and subjected to autoradiography. 
Two hybridization-positive colonies were obtained and isolated 
via two additional rounds of hybridization and colony 
purification. Preliminary sequence analysis of the inserts in 
both hybridization-positive cDNA clones indicated that they 
each were in the anti-sense orientation with respect to the 
pCDM7 expression vector promoter sequences. The largest 
insert was therefore re-cloned into pCDM7 in the sense 
orientation for expression studies, and the resulting plasmid 
was designated pCDM7-a ( 1 , 2) FT. 

Flow Cytometry Analysis, COS-l cells were transfected with 
plasmid DNAs using the DEAE-dextran procedure described above. 
Transfected cells were harvested after a 72 hour expression 
period and stained either with mouse IgM anti-H monoclonal 
antibody (Chembiomed; 10 ^g/ml) or with a mouse IgM 
anti-Lewisa monoclonal antibody (Chembiomed; 10 ^g/ml) . Cells 
were then stained with f luorescein-conjugated goat anti-mouse 
IgM antibody (Sigma; 40 fxg/ml) and subjected to analysis by 
flow cytometry. 
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Northern and Southern Blotting A431 poly (A) -plus RNA (10 
^g/lane) was subjected to Northern blot analysis. Genomic DNA 
(10 ^g/lane) was subjected to Southern blot analysis. Blots 
were probed with 32 P-labeled 1.2 kb Hlnfl fragment of pH3.4. 

DNA Sequence Analysis . The insert in pCDM7— a (1,2) FT was 
sequenced by the method of Sanger using T7 DNA polymerase 
(Pharmacia) and 2 0-mer oligonucleotide primers synthesized 
according to the sequence of the cDNA insert. Sequence 
analyses and data base searches were performed using the 
Microgenie Package (Beckman) and the Sequence Analysis 
Software Package of the University of Wisconsin Genetics 
Computer Group. 

Assay of a ( 1 , 2 ) f ucosvltransf erase Activity . Cell extracts , 
conditioned medium from transfected COS-1 cells, and 
IgG-Sepharose-bound enzyme were prepared and assayed for 
a(l, 2) fucosyltransf erase activity by the methods described 
above. One unit of a ( 1, 2) fucosyltransf erase activity is 

defined as l pmol product formed per hour. The apparent 

Michaelis constant for the acceptor phenyl-jS-D-galactoside was 
determined exactly as described above. 

Construction and Analysis of a Protein A-afl.2^FT Fusion 
Vector. A 3196 bp Stul/Xhol segment of the cDNA insert 
containing the putative catalytic domain and 3 • -untranslated 
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sequences was isolated from pCDM7-a (1, 2) FT. This fragment: was 
blunt-ended using Klenow enzyme and ligated to phosphorylated 
and annealed oligonucleotides (CGGAATTCCCCACATGGCCTAGG, 
CCTAGGCCATGTGGGGAATTCCG) designed to reconstruct the coding 
sequence between the putative transmembrane segment proximal 
to the Stul site, corresponding to amino acids 33 through 365 
of SEQ ID NO: 6. The ligated fragment was gel purified, 
digested with EcoRl and then gel purified again. This EcoRl 
1 inker ed fragment was ligated into the unique EcoRl site of 
pPROTA. One plasmid , designated pPROTA-oc (1,2) FT. , containing a 
single insert in the correct orientation, was analyzed by DNA 
sequencing to confirm the sequence across the vector, linker 
and insert junctions. Plasmids pPROTA— a (1,2) FTC f pPROTA f 
pCDM7-a(l,2)FT, or pCDM7 were transfected into COS-1 cells. 
Following a 72 hour expression period, a (1,2) FT activities in 
the media, associated with cells, bound to a Sepharose IgG 
matrix, or to a control Sepharose matrix, were quantitated. 

Example II. Cloning and expression of a DNA Se quence 

Encoding a UDP-Gal: fl-D-Gal f 1 . 4 ) -P-GlcNAc 
a f 1 > 3 ) aalactosvltransf erase (DNA TP NO; 3, 

Protein SEP ID NO: 4) 
A Gene Transfer Approach to Isolate Cloned, Functional, 
/3-D-galactosy 1-1 , 4-N-acetyl-D-glucosaminide a- 
1, 3-galactosyltransf erase cONAs . Tissue- and cell-specific 
expression of surface-localized terminal Gal(al-3)Gal linkages 
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is associated with expression of cognate (al-3)GTs that 
catalyze a transglycosylation reaction between UDP-Gal and N- 
acetyllactosamine. COS-1 cells construct surface-expressed 
polylactosamine molecules that can function as an acceptor 
substrate for (al-3)GT but do not express this enzyme or its 
surface-localized product (see below) . The inventor therefore 
expected that cloned cDNAs encoding an (al-3)GT would, if 
expressed in COS-l cells, generate the surface-localized 
oligosaccharide product of that enzyme [terminal Gal(al-3)Gal 
linkages]. Moreover, these particular transf ectants could be 
isolated by virtue of adherence to plates coated with a lectin 
(GS I-B 4 ) that specifically binds terminal Gal(al-3)Gal 
linkages. A standard transient expression system was used for 
this approach since it provides for the rescue of transf ected 
cDNAs that determine the expression of cell surface molecules 
on COS-1 cells and allows the facile construction of large 
cDNA libraries in a mammalian expression vector. 

Isolation of a Cloned cDNA That Determines Expression of 
GS l-B 4 Binding Activity in Transf ected COS-1 Cells. Mouse F9 
teratocarcinoma cells express an (al-3)GT, and this enzyme 
activity increases concomitant with retinoic acid-induced 
differentiation of these cells. The inventor therefore 
prepared a cDNA expression library from retinoic 
acid-differentiated F9 cells and screened this library for 
cDNAs that determine expression of GS I-B 4 binding activity in 
transf ected COS-l cells. One plasmid (pCDM7-aGT) was isolated 
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that, when transfected into COS-1 cells, determined expression 
of surface molecules that directed specific adherence of cells 
to culture dishes coated with GS I-B 4 . Fluorescence-activated 
cell sorting analysis confirmed these observations, COS-1 
cells transfected with pCDM7-aGT f but not cells transfected 
with pCDM7, stained brightly with fluorescein isothiocyanate- 
conjugated GS I-B 4 . This staining could be inhibited with 
raffinose, a hapten for this lectin. These observations 
indicate that pCDM7-aGT determines de novo expression of 
surface-localized molecules recognized by GS I-B 4 and thus 
expression of terminal Gal(al-3)Gal linkages on cell surface 
oligosaccharides . 

cDNA Sequence Analysis Predicts a Protein with a 
Transmembrane Topology, The cDNA insert in pCDM7— otGT (SEQ ID 
NO: 3), Fig. 2, is 1500 base pairs long and contains a single 
long open reading frame in the sense orientation with respect 
to pCDM7 promoter sequences. Three methionine codons are 
found within the first 15 codons of this reading frame; the 
inventor assigned the most proximal of these as the initiator 
codon f based on Kozak's rules for mammalian translation 
initiation. This reading frame predicts a protein of 394 
amino acids in length (SEQ ID NO: 4), Fig. 2 r with a molecular 
mass of 46 , 472 Da. Hydropathy analysis indicates that this 
protein has features of a type II transmembrane molecule that 
is topologically identical to that predicted for two other 
mammalian glycosyltransf erases. This topology predicts a 41- 




-147- 

amino-acid, cytoplasmically oriented , NH 2 -terminal segment; a 
single transmembrane domain consisting of a 19-amino-acid 
hydrophobic segment flanked by basic residues? and a large 
(presumably catalytic) COOH- terminal domain that would 
ultimately be targeted to the lumen of the Golgi. Two 
potential N-glycosylation sites are present, indicating that 
this protein, like other glycosyltransf erases , may be 
synthesized as a glycoprotein. This cDNA sequence contains a 
long 5' untranslated region, with ATG codons at -90 and -251, 
suggesting that translational control mechanisms may 
participate in the regulation of expression of this sequence. 
This is reminiscent of another mammalian glycosyltransf erase 
whose transcript also contains upstream ATG codons. The 
putative NH 2 -terminal end of this protein lacks a 
characteristic cleavable signal sequence that may exist in one 
form of a murine 0-1 , 4-galactosyltransf erase. 

Searches of the currently available protein and nucleic 
acid data bases (Protein Identification Resource, Release 21.0 
and GenBank, Release 60.0) identified no sequences with 
significant similarity to the (al-3)GT DNA sequence, _ including 
the sequences of a murine 0-1 , 4-galactosyltransf erase and a 
rat o-2 , 6-sialyltransf erase. 

Expression of a Catalytically-Activ'ev Secreted Protein 
A-(al-3)GT Fusion Protein. The inventor wished to confirm 
that this cDNA encodes an (al-3)GT and to simultaneously 
exclude the formal possibility that it instead encodes a 
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trans-acting molecule that induces (al-3)GT activity by 
interaction with an endogenous gene f transcript, or protein. 
Therefore, sequences corresponding to the putative catalytic 
domain of this protein (residues 63-394 of SEQ ID NO: 4) were 
fused in-frame to a secretable form of the IgG binding domain 
°f Staphylococcus aureus protein A in the mammalian expression 
vector pPROTA yielding the vector pPROTA-aGT c . This vector was 
then tested for its ability to express a catalytically active, 
secreted and soluble protein A-(ocl-3)GT fusion protein. 

COS-l cells transfected with the pCDM7 vector or with the 
pPROTA vector generated no detectable cell-associated or 
released (al-3)GT activity. By contrast, extracts prepared 
from cos-l cells transfected with pCDM7-aGT or with the 
pPROTA-aGT c vector contained 4574 and 20,500 total units, 
respectively, of (al-3)GT activity. Moreover, conditioned 
media prepared from cells transfected with pCDM7-aeGT or 
pPROTA-aGT c contained soluble (ctl-3)GT activity amounting to 
4,155 units or 50,438 units, respectively. Importantly, the 
released activity generated by p PROTA- aGT c could be 
specifically bound to a IgG-Sepharose matrix, whereas the 
released activity generated by pCDM7-aGT did not interact with 
this affinity adsorbent. These results indicate that this 
cloned cDNA encodes an (al-3)GT, show that information 
sufficient to generate a catalytically active (al-3)GT resides 
within the 33 2 amino acids distal to the putative 
transmembrane segment, and show that the catalytic domain can 
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be affinity purified in an enzymatically active state as a 
portion of a bipartite fusion protein. 

Determination of the Structure of the Trisaccharide 
Product of the (ocl-3)GT. Exoglycosidase digestion was used to 
confirm the a-anomeric linkage predicted for the 
oligosaccharide product generated by the recombinant enzyme. 
Radiolabeled trisaccharide product was prepared from 
UDP-[ l4 C]Gal and N-acety llactosamine by using the 
IgG-Sepharose-bound enzyme activity generated by pPROTA-aGT c . 
Digestion of the HPLC-purif ied trisaccharide product with a 
galactosidase resulted in quantitative release of [ l4 C]Gal f 
whereas the trisaccharide was completely resistant to 0- 
galactosidase digestion. 

To confirm that carbon 3 of the galactose in the 
N-acety llactosamine acceptor is involved in the g lycos idic 
linkage formed by the recombinant enzyme, the inventor 
prepared a [ 3 H] Gal- labeled N-acetyllactosamine acceptor and 
incubated it with IgG-Sepharose-bound protein A-(al-3)GT 
activity and 1 mM UDP-Gal under the standard (al-3)GT reaction 
conditions. The trisaccharide product of this reaction was 
purified and subjected to methylation analysis. Radioactive 
2,4, 6-trimethylgalactose was identified. Together, these 
results indicate that the recombinant enzyme can utilize 
UDP-Gal and N-acetyllactosamine as substrates to construct a 
trisaccharide product with the structure Gal (al-3 ) Gal ()3l-4) - 
GlcNAc. 
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Northern Blot Analysis. The (al-3)GT cDNA hybridizes to 
a single 3.6-kilobase transcript in F9 teratocarcinoma cells. 
The inventor's DNA sequence analysis of another cloned 
(al-3)GT cDNA isolated by colony hybridization indicates that 
the insert in pCDM7-o:GT represents the 5' end of this 
transcript. The remaining 2.1 kilobases of this transcript 
consist of 3 ' untranslated sequence not rescued by the 
expression cloning procedure. 

The specific activity of (al-3)GT in retinoic 
acid-differentiated F9 teratocarcinoma cells is approximately 
4-fold higher than that in untreated F9 cells. Northern blot 
analysis indicates that steady-state levels of the (al-3)GT 
transcript also increase concomitant with retinoic 
acid-induced differentiation of F9 teratocarcinoma cells. 
These results are similar to those reported in F9 cells with 
0-1 , 4-galactosyltransf erase and suggest that the dynamic 
changes in cell surface oligosaccharide structures known to 
accompany jjLJiitro_dif f erentiation of this cell line are 
associated with significant changes in glycosyltransf erase 
gene expression. 

Experimental Pr ocedures for Example II. "Cloning and 
expression of a DNA sequence encoding a UDP-Gal : fi-D- 
Gal (1,41 -D -GlcNAc gfl.31 aalactosvltransf erase" « 
Constru ction of an F9 Cell cDNA Library . A cDNA library 
was prepared from poly (A)* RNA isolated from retinoic acid- 
differentiated mouse F9 teratocarcinoma cells by using the 
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procedure of Seed and Arruffo, and the mammalian expression 
vector pCDM7 . pCDM7 is a progenitor of the vector pCDM8 ; 
pCDM7 lacks the polyoma sequences present in pCDM8 , but is 
otherwise virtually identical. The library contained 3 x 10 6 
independent recombinants . 

Isolation of a Mouse (al-S^GT cDNA Clone . Plasmid DNA 
was prepared from an amplified portion of the library and was 
transfected in to C0S-1 cells by using the DEAE-dextran 
procedure. Forty samples of 5 x 10 5 COS-1 cells (in 100-mm 
dishes) were transfected with 50 fig of plasmid DNA each. 
After a 72-hr expression period, the transfected COS-1 cell 
monolayers were harvested and panned on dishes coated with 
Grif f onia simplicif olia isolectin I B 4 (GS I-B 4 ) . Lectin 
panning dishes were prepared by using 10 Mg of GS I-B 4 per ml 
in phosphate-buffered saline (PBS) containing 0.1 mM Ca 2+ and 
0.1 mM Mn 2+ , Plasmid DNA molecules were rescued from adherent 
cells and were transformed into the Escherichia coli host 
MC1061/P3. Plasmid DNA was prepared from these transf ormants 
and was subjected to an additional screening by the same 
procedure. Sib selection was subsequently used to screen Jor 
plasmids that determined expression of GS I-B 4 binding activity 
in COS-1 cells. E. coli transf ormants containing plasmid 
molecules rescued from the second screening were plated to 
yield 16 pools containing between 100 and 5000 colonies each* 
Plasmid DNAs were prepared from replica plates and were 
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transfected separately into COS-1 cells, and the transf ectants 
were screened by panning on GS I-B 4 -coated dishes. These 
experiments indicated that approximately 1 out of 1000 
colonies contained cloned cONAs determining the GS I-B 4 -binding 
phenotype. One "active" - 1000-colony pool was subdivided 
into several smaller pools, and these were each tested for GS 
I-B 4 -binding activity. Three subsequent rounds of sib 
selection with sequentially smaller, active pools identified a 
single plasmid (pCDM7-aGT) that directed expression of GS 
I-B 4 -binding activity in COS-1 cells. 

Flow cytometry. COS-1 cells transfected with plasmid 
DNAs were harvested 48-72-hr after transf ect ion. These were 
stained with either fluorescein isothiocyanate-conjugated GS 
I-B 4 at 10 per ml in staining media or with fluorescein 
isothiocyanate- conjugated GS I-B 4 that had been previously 
incubated with 50 mM raffinose. Cells were then subjected to 
analysis by fluorescence- activated cell sorting as described 
above . 

Northern Blott ing and DNA Sequence Analysis . Northern 
blots were hybridized with radiolabeled pCDM7-aGT cDMA insert 
at 4 2 °C in hybridization solution. DNA sequencing was 
performed with the chain termination method by using 
oligodeoxynucleotides synthesized according to the sequence 
within the cDNA insert. Sequence data base searches and 
analyses were performed with the Sequence Analysis Software 
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Package published by the University of Wisconsin Genetics 
Computer Group. 

Assay of (al-3^GT and Product: Characterization . Extracts 
were prepared from transfected COS-1 cells. Cell extracts, 
conditioned medium from transfected cells , or 

IgG-Sepharose-bound enzyme was assayed for (al-3)GT. One unit 
of (al-3)GT activity is defined as 1 pmol of Gal transferred 
to N-acetyllactosamine acceptor per hour. 

HPLC-purif ied, radiolabeled oligosaccharide reaction 
products were subjected to digestion with either 
a-galactosidase (Sigma, 20 mU) or £-galactosidase ( Sigma f 1 
mU) for 1 hr at 37 °C in buffers recommended by the 
manufacturer. Reaction products were then fractionated by 
HPLC Methylation analysis of reaction product (s) was carried 
out according to standard procedures. 

Construction and Analysis of the Protein A-(otl-3)GT 
Fusion Vector , A 1050-base-pair segment of the (al-3)GT cONA 
containing the putative catalytic domain was excised from 
pCDM7-aGT by digestion with EcoR I . This was cloned into the 
EcoRI site of pPROTA by using a double-stranded linker 
(S'-ACGGAATTCCGT-S 1 ) to maintain the correct reading frame, 
yielding plasmid pPROTA-aGT c . 

Plasmids pPROTA-aGT c , pCDM7-aGT, and pPROTA were 
separately transfected into COS-1 cells. After a 72-hr 
expression period, the media were harvested and subjected to 
low-speed (300 x 3 for 8 min) and high-speed (100,000 x a 
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1 hr) centrifugations. Supernatants were then adjusted to 
0.05% Tween 20 and were incubated batchwise with 100 jul of 
preequilibrated IgG-Sepharose or Sepharose 6B overnight at 
4°C. The matrices were then thoroughly washed and used 
directly in (al-3)GT assays. 

Example III. Isolation of a cloned human cDNA that encodes a 
GDP-Fuc:j3-D-Gal f 1 , 4 / 1 , 3 ) -D-GlcNac f /Glc^ - 
a ( 1.3/1, 41 -fucosvltransf erase. CDNA SEP ID 
NO;l. Protein SEP ID NO: 2) 
In one embodiment, the present invention provides a gene 
transfer system that allows isolating cloned cDNAs encoding 
functional a (l f 3 ) fucosyltransf erase [a (1,3) FT] or 
a ( 1 , 4 ) fucosy transferase [a (1,4) FT] molecules or that 
otherwise determine a ( 1 , 3 ) FT or a ( 1 , 4 ) FT expression , without 
the need to first purify the enzyme. This system instead 
exploits existing reagents that allow detection of the cell 
surface-expressed oligosaccharide product of these enzymes, 
and that provide for specific assay of their enzymatic 
activity. 

This approach requires a recipient host cell with 
specific properties that allow selection of the appropriate 
cloned cDNA molecules. The host must not express a(l,3)FTs, 
nor cognate surface Gal £(l, 4) [Fuccc(l, 3) ]GlcNAc linkages 
(SSEA-l structures). However, this host must synthesize the 
appropriate substrates for surface display of SSEA-l 
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molecules. These substrates include the nucleotide sugar 
GDP-fucose, and surface-expressed glycocon jugate molecules 
that may serve as oligosaccharide acceptors for the 
transglycosylation reaction. Each of these properties are 
fulfilled by COS-1 cells* 

Fluorescence-activated cell sorter (FACS) analysis 
indicated that COS-1 cells do not express surface-localized 
SSEA-i determinants. Enzyme analyses performed with COS-1 
extracts confirmed that absence of SSEA-1 expression was due 
to a deficiency of a(l,3)FT activity. The inventor expected 
that COS-l cells would contain substrate levels of GDP-fucose 
within their Golgi, since with the exception of certain 
lectin-resistant mutant cells lines, virtually all mammalian 
cells synthesize GDP-fucose and translocate it into the Golgi 
lumen. COS-1 cells also construct surface-expressed 
glycoconjugates containing unsubstituted polylactosamine 
moieties that represent potential oligosaccharide acceptors 
for a (1,3) FT activity determined by a transfected cDNA. The 
inventor confirmed that these substrates are available for use 

in the construction of surface-expressed, terminal fucose 

linkages by demonstrating expression of a different 
terminally-linked fucose linkage (H Fuca(l,2)Gal) on COS-1 
cells after transfection with a cloned human gene fragment 
that the inventor had previously shown to determine expression 
of an a(l,2)FT. The inventor therefore observed that COS-1 
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cells could construct surface-expressed SSEA-l molecules 
following transfection with a ( 1 , 3 ) FT-determining cDNAs. 

Isolation of a Cloned cDNA That Determines Expression of an 
ad. 31 FT and Surface-Localized SSEA-l Structures 

The human A431 cell line has been shown to express cell 
surface Lewis blood group a and b structures that represent 
the products of an a (1,4) FT. Enzyme assays performed with 
A4 31 extracts confirmed that cells also express a 
corresponding a(l,3)FT activity, A cDNA library was therefore 
constructed with A4 31 cell mRNA in the mammalian expression 
vector pCDM7 and was transfected into COS-1 cells- The 
transfected cells were screened by the procedure of Seed using 
a monoclonal antibody specific for SSEA-l determinants. 

In order to follow enrichment for an a ( 1 , 3 ) FT-determining 
cDNA during the selection procedure, an assay was employed in 
which 2 1 -fucosyllactose was used as an acceptor substrate. 
This acceptor can discriminate between the Lewis a(l,3/l,4)FT 
and nonallelic human a(l,3)FTs, since it is used efficiently 
by the former enzyme but not by the latter. With this assay, 
the inventor was unable to detect any enzyme activity in COS— 1 
cells transfected with the A431 cDNA library, or in cells 
transfected with amplified plasmid DNA isolated from the 
initial selection. However, amplified plasmid DNA obtained 
from the second selection was found to direct a low level of 
enzyme activity when transfected into COS-1 cells. A modest 
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increment in enzyme activity was obtained after a third 
selection by panning. At this stage, "sib selection" was 
employed to identify and isolate a cloned a (1,3) FT cDNA. 
Pools of clones isolated from the third panning selection were 
tested for their ability to generate o (1,3) FT activity in 
transfected COS-l cells. From these experiments, it was 
estimated that approximately one in 500 clones represented a 
plasmid that determined a (1,3) FT expression. One "active" 
pool of approximately 4 00 clones was further subdivided and 
the resulting pools were tested for their ability to generate 
enzyme activity in transfected cells. One clone 
(pCDM7-a(i,3/l,4)FT) in an active 16 clone pool was found to 
direct very high level expression of the a(l,3)FT. FACS 
analysis was used to confirm that this plasmid also directs 
surface expression of SSEA-i (Lewis x) determinants (Fig. 8) . 
COS-l cells transfected with this plasmid stain brightly with 
anti-SSEA-l antibody, but not with a control IgM anti-H 
antibody, whereas cells transfected with pCDM7 vector alone 
exhibit background staining with both antibodies. Identical 
results were obtained in experiments where the transfected 
cells were stained with an anti-Lewis a antibody (Fig. 8) . 
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Deduced Protein Sequence of the Cloned cDNA Predicts a 
Transmembrane Topology 

The cDNA insert in pCDM7 -a (1,3/1,4) FT (SEQ ID NO:l) is 
2022 nucleotides in length, and consists of a 72 bp 5' 
untranslated region, a continuous open reading frame of 1083 
bp, and a 3 1 untranslated region of 867 bp that is terminated 
by a poly (A) tail. 

This cloned cDNA hybridizes to a single prominent 2.3 kb 
transcript in A4 31 cells showing that this insert is 
essentially full-length. The nature of an additional faint 
7.5 kb transcript is at present undefined. The initiation 
codon at the beginning of the long open reading frame is 
embedded within a sequence similar to the Kozak consensus 
initiation sequence and is preceded by two in-frame stop 
codons. There is also a single additional ATG upstream from 
the assigned initiator. This ATG also fits the Kozak 
consensus sequence, but initiates a very short in-frame 
sequence. The long open reading frame predicts a 361 amino 
acid protein (SEQ ID NO: 2) of Mr 42 f 069 Da. Sequence 
comparisons with the latest DNA and protein sequence databases 
(Protein Identification Resource, Release 21.0, and GenBank, 
Release 60.0) identified no sequences with significant 
similarity to this sequence, except for a segment within the 
3* untranslated region that is similar to human Alu sequences. 
The 3 1 untranslated region also contains 20 degenerate copies 
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of a 15 nucleotide sequence of unknown functional 
significance. 

Comparisons between the sequence predicted by the insert 
in pCDM7-a(l,3/l,4)FT and four different cloned mammalian 
glycosyltransf erases revealed no obvious primary sequence 
similarities. While these latter enzymes also share no 
extensive primary sequence similarities, they exhibit an 
analogous overall structural organization. Specifically, 
these enzymes are representative of Type II transmembrane 
proteins, each composed of a short, NH : -terminal cytoplasmic 
domain, a single transmembrane segment, and a larger, 
COOH-terminal catalytic domain that ultimately inhabits the 
Golgi lumen. Inspection and hydropathy analysis of the 
predicted protein sequence suggested that this protein 
maintains a similar structural organization. There is a 
single hydrophobic segment near the amino terminus that is 
comprised of 19 amino acids and is flanked by basic residues. 
This putative signal-anchor sequence would place 327 amino 
acids within the Golgi lumen, while leaving 15 residues within 
the cytosolic compartment. 

The Protein FnnnrioH bv nCT)M-7 - ^ 1.3/1.4) ft is » 
Fucosvltransf sraw 

Expression data and the predicted topological similarity 
of this sequence to other glycosyltransf erases , show that this 
cDNA encodes an a (1,3) FT. Nonetheless, these data are also 
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formally consistent with the possibility that this cDNA 
sequence instead encodes a molecule that trans-determines 
a(l,3)FT activity by interaction with an endogenous gene, 
transcript, or protein. To demonstrate that enzymatic 
activity is directly associated with this molecule, the 
putative catalytic domain of the predicted polypeptide 
(residues 43-3 61 of SEQ ID NO: 2) was fused to a secreted form 
of the IgG binding domain of Staphylococcus aureus protein A 
in the mammalian expression vector pPROTA, to generate the 
vector pPROTA-a(l, 3/l,4-Ft) c . Since this fusion protein would 
lack the putative transmembrane anchoring segment of the 
fucosyltransf erase, the inventor expected it would be 
synthesized as a secreted molecule that could be 
affinity-purified on an IgG-containing matrix and subsequently 
tested for a(l,3)FT activity, COS-1 cells transfected with 
the control vectors pCDM7 or PROTA generated no detectable 
cell-associated or released enzyme activity. However, 
conditioned media prepared from COS-1 cells transfected with 
pPROTA-a(l,3/l P 4)FT c or with pCDM7-a(l,3/l,4)FT, contained 
significant quantities of a(l,3)FT activity. Significantly, 
virtually 100% of the released activity generated by 
pPROTA-a (1,3/1, 4)FT C was specifically retained by the 
IgG-Sepharose matrix, and approximately 24% of this activity 
could be recovered from the matrix after exhaustive washing. 
By contrast, the released activity generated by 
pCDM7-a(l f 3/ 1,4) FT did not interact with the affinity 
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adsorbent. These results indicate that the protein encoded by 
this cloned cDNA encodes a fucosyltransf erase f demonstrate 
that information sufficient to generate a (1,3) FT activity 
resides within the enzyme's COOH-terminal 319 amino acids, and 
show that this approach can be used to affinity purify the 
catalytic domain in an enzymatically active state as a portion 
of a bipartite fusion protein. 

The Fucosvlt ransf erase is a Glycosylated Transmembrane Protein 

In order to confirm the transmembrane topology predicted 
for the enzyme, fucosyltransf erase cRNA was prepared and was 
subjected to analyses by a series of in vitro translation 
experiments. The 35 S-methionine-labelled primary translation 
product generated in these experiments migrated with a 
molecular weight of approximately 37,500 Da. The discrepancy 
between this observed molecular weight and the predicted one 
(42,069 DA) may be reconciled by the observation that 
membrane-spanning proteins often migrate in an anomalously 
rapid manner through SDS-polyacrylamide gels f relative to 
soluble protein molecular weight markers. When this 
radiolabelled protein was generated by in vitro translation in 
the presence of canine pancreatic microsomes, it migrated with 
an Mr of approximately 42,000 Da* The -6,000 Da increase in 
molecular mass observed when the translations were performed 
in the presence of microsomes suggests that two core 
glycosylation structures are added by microsomal 
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oligosaccharyltransf erase to the two potential 
asparagine-linked glycosy lation sites during cotranslational 
translocation across the microsomal membrane- This product 
also co-sedimented with the microsomes, suggesting that the 
protein had become cotranslationally inserted within, or 
translocated across, the microsomal membrane. When this 
raiolabeiled, microsome-associated protein was subjected to 
limit digestion with endoglycosidase H, its molecular mass was 
reduced to a one essentially identical to that of the primary 
translation product. Partial endoglycosidase H digestion 
generated an additional band of intermediate size, that likely 
consists of molecules that contain a single residual core 
glycosy lation unit. These results indicate that the addition 
of core oligosaccharide structures is responsible for the 
increase in size of the protein observed in the co-translation 
experiments. These observations indicate that the two 
potential N-glycosylation sites found within the predicted 
fucosyltranserase amino acid sequence are glycosylated during 
translocation across the microsomal membrane. 

Additional support for the predicted transmembrane 
topology of the fucosyltransf erase was provided by the results 
of protease protection experiments. Co-translation in the 
presence of microsomes yields a 42,000 Da polypeptide that is 
resistant to digestion with protease. The protease-digested 
product migrates slightly faster than the undigested, 
microsome-associated polypeptide; this difference is most 
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likely accounted for by removal of some or all of the 15 Non- 
terminal amino acids predicted to be displayed on the exterior 
of the microsomes. Addition of microsomes after translation 
yielded a protease-sensitive, nonglycosylated radiolabelled 
product, indicating that membrane insertion of the protein is 
a cotranslational, but not post-trans lat ion , event. A small 
amount of a - 34KDa polypeptide that is protease-sensitive and 
glycosylated can also be identified in these experiments. The 
precise nature of this protein is unknown, but it appears in a 
proteinase K concentration-dependent manner. The inventor 
therefore suspected that it represents a proteolytic fragment 
of the intact protein generated when the integrity of some 
microsomal vesicles is disrupted. In aggregate, these 
experiments indicate that the bulk of this polypeptide can be 
sequestered within the microsomal lumen by a cotranslational 
translocation process, ultimately yielding a product that is 
N-glycosylated. These results are consistent with the type II 
transmembrane 

topology predicted by the fucosyltransf erase sequence. 

The Fu cosvltransf erase Can Construct Two Distinct Glvcosidic 
Linkages 

It is believed that, in general, each glycosyltransf erase 
is competent to perform a single transglycosylation reaction, 
that in turn generates a single glycosidic linkage. However, 
genetic and biochemical studies indicate that the human Lewis 
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blood group locus may determine expression of a single 
fucosyltransf erase capable of generating subterminal Fuca(l,3) 
and Fuca(l,4) linkages on several type I and type II acceptor 
substrates. In particular, the Lewis enzyme is thought to be 
the only human fucosyltransf erase capable of using the 
acceptor 2 • -f ucosyllactose. Since plasmid pCDM7-a (1,3/1, 4) FT 
was isolated with an enrichment scheme involving an enzymatic 
assay based upon this acceptor substrate, it therefore seemed 
likely that its cDNA insert encodes the Lewis enzyme. To 
confirm this, the inventor performed a series of analyses to 
determine the acceptor specificities of the recombinant 
enzyme . 

Extracts of COS-l cells transfected with 
pCDM7-a(l, 3/1, 4) FT were tested for their ability to catalyze 
transglycosylations between GDP-[ I4 C] fucose and the type I 
acceptor lacto-N-biose I, or the type II acceptors lactose and 
N-acetyllactosamine. There are only two possible classes of 
monofucosylated products that can be formed from each of these 
acceptors by known human fucosytransf erases. These are 
H-active products containing a Fucce(l,2) linkage on the 
terminal Gal of these molecules, or Lewis x- or Lewis a-active 
products containing fucose linked in alpha anomeric 
configuration to the subterminal monosaccharide of these 
acceptors via either the monosaccharide's C4 hydroxy! (type I 




-165- 

acceptor) or its C3 hydroxy 1 (type II acceptors) . The 
inventor therefore fractionated the reaction products with a 
descending paper chromatography method that could distinguish 
between the two classes of reaction products possible with 
each acceptor, and thus allow determination of enzyme 
specificity. 

The inventor found that lactose was utilized by the 
recombinant enzyme to form a radiolabelled compound with the 
chromatographic mobility characteristic of the Lewis x 
trisaccharide 3-fucosyllactose, and distinct from the other 
possible product, the type II H trisaccharide. Likewise, 
these extracts also generated 3-fucosyl-N-acetyllactosamine 
when N-acetyllactosamine was used as an acceptor. 
Radiolabelled fucose was quantitatively released from each 
product upon digestion with ct-fucosidase, indicating that the 
enzyme attaches fucose to these acceptor substrates in alpha 
anomeric configuration. These results are consistent with the 
flow cytometry observations indicating that pCDM7-a(l, 3/1, 4) FT 
determines expression of the Gal0(l,4) [Fucal,3]GlcNAc linkage 
representing the SSEA-1 determinant. 

Moreover, the radiolabelled product of the type I 
acceptor lacto-N-biose I chromatographed with a mobility 
distinct from the H active standard 2 1 -f ucosyllacto-N-biose I 
and consistent with its identity as the Lewis a trisaccharide 
4-fucosyllacto-N-biose I. This product was also susceptible 
to digestion with a-fucosidase. Identical results were 
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obtained for all three disaccharide acceptors when 
affinity-purified protein A-f ucosyltransf erase was used in 
these experiments. Taken together, these results indicate 
that the recombinant f ucosyltransf erase can construct both 
Fuca(l,3) and Fuca(l,4) glycosidic linkages on type II and 
type I disaccharide acceptors, respectively. 

In a complementary set of analyses, type I and type II 
blood group H trisaccharides were tested as acceptors for the 
enzyme encoded by the f ucosyltransf erase cONA. Radiolabelled 
type I and type II H molecules were prepared by fucosylating 
their disaccharide precursors at the C2 hydroxyl of their 
terminal galactose residues, using cell extracts containing 
the _bJ._aQ_cL__gr_o_up ILxx ( 1 , 2 )^ET and- GDP[-iic:^fucose, These 
HPLOpurif ied radiolabelled type I and type II H acceptors 
were then each used in reactions containing unlabelled 
GDP-fucose and affinity-purified fucosyltransf erase activity 
generated by pPROTA— a (1,3/1,4) FT C • HPLC analysis of these 
reactions identified new radiolabelled compounds 
withchromatographic mobilities predicted for the Lewis b 
tetrasaccharide and the Lewis y tetrasaccharide, generated 
with the type I or type II acceptors, respectively, virtually 
identical results were obtained with extracts prepared from 
COS-1 cells transfected with pCDM7-ct(l f 3/1, 4) FT. Results of 
these experiments and similar ones, are summarized in 
Table 2. 

In a third series of experiments, the inventor 
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demonstrated that this enzyme can operate on "type I" or "type 
II" acceptors whose terminal galactose residues are 
substituted with sialic acid in a(2 f 3) linkage, to generate 
the sialyl Lewis x and sialyl Lewis a tetrasaccharide 
determinants. Flow cytometry analysis of COS-1 cells 
transfected with pCDM7 -a (1,3/1,4) FT and stained with a 
monoclonal anti-sialyl Lewis x antibody indicates that this 
plasmid can determine surface expression of the sialyl Lewis x 
antigen (Fig. 8), that is the product of a (1,3) FT action on 
"type II" acceptors whose terminal galactose residues are 
substituted with sialic acid in a (2, 3) linkage. Likewise, 
COS-1 cells transfected with pCDM7-a (1,3/1,4) FT and stained 
with a monoclonal anti-sialyl Lewis a antibody indicates that 
this plasmid can determine surface expression of the sialyl 
Lewis a antigen (Fig. 8), that is the product of a(l,4)FT 
action on type I acceptors whose terminal galactose residues 
are substituted with sialic acid in a (2, 3) linkage. These 
analyses indicate that the fucosyltransf erase encoded by 
pCDM7-a(l,3/l,4)FT is able to construct two distinct 
glycosidic linkages on the subterminal Glc or GlcNAc of type I 
and type II acceptors, and that this does not depend "upon the 
a(l,2)fucosylation or o (2 , 3 ) sialylation status of the terminal 
galactose on these acceptors. These properties mirror those 
reported for the fucosyltransf erase activities determined by 
human Lewis blood group locus, and confirm that a single 
fucosyltransf erase can catalyze the formation of two distinct 
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glycosidic linkages* 

The Fucosvltransf erase cDNA Identifies Human GenoTnic Sequences 
Svntenic to the Human Levis Blood Group Locus 

Genetic data indicate that the human Lewis blood group is 
determined by a locus on chromosome 19. The 

fucosyltransf erase cDNA was therefore used for Southern blot 
analysis of a pair of human-mouse somatic cell hybrids that 
differ only by the presence or absence of human chromosome 19. 
The results indicate that at high stringency, the 
fucosyltransf erase cDNA identifies cross-hybridizing sequences 
located on chromosome 19. Taken together with the enzymatic 
analyses, these data strongly, suggest that^ this _cloned cDNA 
represents the product of the human Lewis blood group locus. 

Experiment al Procedures for Example ITT. "Isolation of a 
cloned human cDNA that encodes a GDP-Fuc:fl-D-Gal 
(1.4/1.31 -n -GlcNAc ( /Glc\ -« f l . 3 / 1 . 4 ) -fucosvltran sf erase. 

cDNA Library Construction. A cDNA library was prepared from 
poly (A) -plus RNA isolated from human A431 cells, using 
standard procedures and the mammalian expression vector pCDM7. 
pCDM7 lacks polyoma sequences present in the vector pCDM8 , but 
is otherwise virtually identical. The library contained 2.6 x 
10 6 independent recombinants. 
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Cell Lines. Mouse 3T3 -human hybrid cell lines KLEJ-47 and 
KLEJ-47/P-1 were obtained from Dr. Howard Green (Harvard 
University/ Boston) . Mouse 3T3 cells were from Dr. Vishva 
Dixit (University of Michigan, Ann Arbor) . The origins of all 
other cell lines, and conditions for cell growth are as 
previously described in the literature. 

Preparation of Panning Dishes, Panning dishes were prepared 
by first coating them with goat anti-mouse IgM f and then with 
monoclonal anti-SSEA-1 antibody (ascites generously provided 
by D. Solter f diluted 1:1000). 

cDNA Library Screening. Th e A431 liteary_j/as screened as 
described previously. Plasmid DNA was rescued from 
transfected COS-1 cells adherent to panning dishes and 
introduced into the bacterial host MC1061/P3 by 
transformation. Transf ormants were grown to saturation in 
liquid culture under antibiotic selection, aliquots were 
removed for frozen storage, and the remainder of the culture 
was used to prepare plasmid DNA. A portion of this plasmid 
DNA was used for subsequent enrichment by transf ection and 
immunoselection on anti-SSEA-1 panning dishes. 

facs Analysis. Transfected COS-1 cells were stained with thi 
mouse IgM anti-SSEA-1 (anti-Lewis x) monoclonal antibody 
(1:1000 dilution of ascites) mouse monoclonal IgM anti-H or 
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anti-Lewis a antibodies (Chembiomed, Ltd., Edmonton; 10 
fig /ml) , a mouse monoclonal IgM anti-sialyl Lewis x antibody 
(CSLEX f P. Terasaki, lOug/ml) , or a mouse monoclonal IgG anti- 
sialyl Lewis a antibody (CSLEA f P. Terasaki, 1:1000 dilution 
of ascites) . Cells were then stained with fluorescein- 
conjugated goat anti-mouse IgM (Sigma? 4 0 iiq/ml) and subjected 
to analysis by fluorescence activated cell sorting as 
described previously in the literature by the inventor. 

Northern and Southern Blotting. A4 31 cell RNA was subjected 
to Northern blot analysis as previously described. The probe 
consisted of a 1.7 kb Xhol - Xbal fragment isolated from the 
5' end of the cDNA insert in p±aism*d pGBM7 — ee ( 1 , 3-/1,-4) FT-.~ This 
fragment does not contain the portion of this cDNA that 
exhibits sequence similarity to human Alu sequences. This 
probe was labelled by nick translation with oc[ 32 P]dCTP to a 
specific activity of 6 x 10* cpm//ug. 

Genomic DNA was prepared and subjected to Southern 
blotting as described previously. Blots were subjected to a 
final wash for 3 0 minutes at 65 °C in 0.1X SSC, 0.5% SDS. The 
probe used was identical to the one used for Northern blot 
analysis except that it was labelled with the random priming 
method. 

Sequencing. The cDNA insert in plasmid pCDM7-a(l, 3/1, 4) FT was 
sequenced by the chain termination method using a double 
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stranded plasmid DNA template and commercial reagents 
(Pharmacia) * Both strands were sequenced using 17-mer or 
19-mer oligonucleotide probes synthesized according to the 
sequence of the cDNA insert* The DNA sequence was assembled 
and analyzed using the Beckman Microgenie package, and the 
Sequence Analysis Software Package of the University of 
Wisconsin Genetics Computer Group. 

In Vitro Transcription-Translation. Plasmid 
pCDM7-a(l, 3/1, 4) FT DNA was linearized downstream from the 
cloned cDNA insert by digestion with Notl. Capped RNA 
transcripts were then generated from this linearized template 
using a T7 p ol ymerase promoter based, in vitro transcription 
kit (Pharmacia) . Transcripts initiate from the T7 promoter 
proximal to the cDNA cloning site in pCDM7. RNA transcripts 
produced in vitro were used to program a rabbit reticulocyte 
lysate in vitro translation system (Promega) , in the presence 
of 35 S -methionine (Amersham) , according to the manufacturer's 
instructions c Membrane-associated radiolabelled in vitro 
translation products , generated in the presence of canine 
pancreatic microsomal membranes" (Promega) (cotranslation) of~ 
generated prior to the addition of microsomes 
(post-translational microsome addition) , were isolated from 
the bulk of the soluble reaction components by centrifugation 
through a sucrose cushion (0.5 M sucrose f 10 mM Tris 7*4, 150 
mM NaCl; 170 f 000 x g for 60 min) . For endog lycos idase H 
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digestions, pellets containing microsome- associated 
radiolabeiled products were first resuspended in 50 mM sodium 
citrate pH 5.5, were made 0.2% in SDS, and were heated to 
100 °C for 4 minutes, Aliquots of this material were then 
diluted with an equal volume of water and subjected to 
digestion with either 10 mU or 5 mU of endoglycosidase H for 
20 hrs at 37 °C, in the presence of 0.1% BSA, 0.5% Triton 
X-100, 0.5 mM PMSF, 40 (iq/ml Bestatin, 10 nq/ml <x 2 
macroglobulin f and 30 nq/ml of E-64. Alternatively, the 
pellets were resuspended in ice cold in vitro translation 
buffer containing 5 mM CaCl 2/ and were subjected to incubation 
with 150 Aig/x&l proteinase K, on ice for 1 hour, in the 
presence or ab sence o f 1% Tri to n X-1QQ . The va rious 
radiolabeiled in vitro translation products were then 
denatured and reduced by heating to 100 °C for 4 minutes in 
62.5 mM Tris pH 6.8, 100 mM dithiothreitol, 2% SDS, 10% 
glycerol, and 0.02% bromphenol blue. Samples were then 
fractionated through SDS polyacrylamide gels, and the gels 
were subjected to autoradiography. 

Fucosyltransf erase Assays. Cultured cells were washed in PBS f 
harvested by scraping with a rubber policeman, washed again in 
PBS, and pelleted by centrifugation* Cell extracts were 
prepared by resuspending cell pellets in 1% Triton X-100 such 
that the final protein concentration in the extracts was 
approximately 5 mg/ml (BCA method, Pierce Chemical Co.). 
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Fucosyltransf erase assays were performed in 50 mM MOPS pH 
6.5, 25 mM MnCl 2 10 mM L-fucose, 5 mM ATP , 3 mM GDP- [ 14 C] f ucose 
(specific activity of 600,000 cpm/nmol; 35,000 cpm per assay), 
2.5 mM acceptor (e.g. 2 1 -f ucosyllactose f N-acetyllactosamine, 
lactose or lacto-N-biose I) , and up to 10 /*1 of cell extract, 
in a final volume of 2 0 /xl. When determining a(l,3)FT 
specific activities achieved during the sib selection process, 
and in the analysis of the protein A-fucosyltransf erase fusion 
protein experiments, the amount of added cell extract and 
incubation times were adjusted to yield (linear) reaction 
rates reflecting accurate specific activities. Reactions were 
incubated at 37 °C for 2 or 6 hours, and then terminated by the 
addition of 20 jxl of ethanol, followed by dilution with 500 jxl 
of H 2 0. The terminated, diluted reactions were then 
centrifuged at 15,000 x g for 5 min. Fifty /xl of each 
reaction supernatant was counted to determine total 
radioactivity, and 2 00 y.1 of each was fractionated by Dowex-1 
chromatography. The neutral radiolabelled material eluting 
from the column was then counted directly as a measure of 
product formation. Enzyme specific activity is defined as 
pmol of fucose transferred from GDP-fucose to acceptor per mg 
cell extract protein per hour. Neutral products were also 
further analyzed as described below by descending paper 
chromatography and by HPLC to confirm their identity. 
Parallel reactions were done in the absence of added acceptor 
to allow correction for transfer to endogenous acceptor 
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molecules and for substrate and product hydrolysis. These 
control experiments indicated that less than 2.6% of the 
radioactivity in GDP- [ i4 C] fucose was found as a neutral product 
in the absence of added acceptor, and that virtually all of 
this material represented [ i4 C] fucose. 

In instances where radiolabeled, H type I and H type II " 
molecules were used as acceptors, nonradiolabelled GDP-fucose 
was included instead of GDP-[ l4 C] fucose, and reactions were 
allowed to proceed for 16 hours • Residual unreacted neutral 
radiolabelled acceptor substrate, and neutral radiolabelled 
product were isolated by Dowex-1 chromatography and then 
analyzed by HPLC. 

Preparation of Radiolabelled H Type I and H Type IT Acceptors. 
Cell extracts containing a human a(l,2)FT activity were used 
to synthesize radiolabelled type I H or type II H acceptor 
molecules* The cell extracts were prepared from mHl-12 cells, 
a mouse L cell transfectant containing a human DNA segment 
that encodes a human a (1,2) FT. These extracts contain no 
detectable a(l f 3)FT activity or a(l,4)FT activity . 
Lacto-N-biose I (20 mM) , or N-acetyllactosamine (20 mM) , were 
incubated with 100 jug of mHl-12 extract protein in 40 ^1 of 25 
mM sodium cacodylate pH 6.2 containing 3 mM GDP- [ i4 C] fucose , 
for 16 hours at 37 °C. Reactions were terminated by the 
addition of 40 /il of ethanol followed by dilution with 200 Ml 
of water. Precipitated protein was removed by centrifugation 
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at 12,000 x g for 5 minutes, and the neutral radiolabeled 
reaction products in the supernatant were isolated by Dowex-1 
chromatography. The type I H trisaccharide molecules 
(lacto-N-biose I reaction) or type II H trisaccharide 
molecules (N-acetyllactosamine reaction) comprising the 
majority of the respective neutral radiolabelled materials 
were then purified by HPLC as described below. 

Product Analysis bv HPLC and Descending Paper Chromatography. 
Neutral radiolabelled reaction products generated by 
affinity-purified protein A-fucosyltransf erase fusion protein, 
or by pCDM7-a (1,3/1, 4 FT) -programmed COS-1 extracts, type I or 
type II disaccharide acceptors,_and GDP-[ 14 C] fucose (see above, 
Fucosyltransf erase Assays) were fractionated by descending 
paper chromatography or by HPLC chromatography to determine 
their structures. Samples analyzed by HPLC were dissolved in 
70% acetonitrile and applied to a Dynamax 60A (primary amine 
column, Rainin Instruments, 4.14 mm x 25 cm) equilibrated in 
acetonitrile:water (70:30). Compounds were eluted with a 
linear gradient of acetonitrile: water (70:30 to 40:60), in 1 
hour, at a flow rate of 1 ml per minute. The eliiant was 
monitored with a Beckman Instruments on-line radioisotope 
detector. 

Samples analyzed by descending paper chromatography were 
dissolved in water and fractionated through Whatman No. 40 in 
phenol/ isopropanol/f ormic acid/water (85:5:10:100, lower 
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layer) . After chromatography (Figure 6; 40 hours in panel A or 
4 8 hours in panel B) , air-dried chromatograms were cut into l 
cm strips and the radiolabeled compounds were eluted into 2 
ml of water. The radioactivity in each eluate was determined 
by scintillation counting after mixing with 10 ml of 
scintillation cocktail. HPLC-purif ied 14 C-labelled type I and 
type II H-active trisaccharide standards were prepared as 
described above for the preparation of 14 C-labelled type I and 
type II H-active acceptor trisaccharides . 



a-L-Fucosidase Digestion. Neutral, HPLC-purif ied, 
radiolabeled f ucosyltransf erase products were subjected to 
a-L-fucosidase digestion to confirm the alpha anomeric - 
configuration of the attached fucose. 
(1,3) ( l4 C] f ucosy 1-N-acetyllactosamine , 
( 1 , 3 ) [ 14 C] f ucosy 1-2 • -f ucosy 1 lactose , 

(1,3) [ l4 C]f ucosy llactose, and ( 1 , 4 ) [ l4 C] fucosyllacto-N-biose I 
were purified by HPLC, and aliquots of each (10,000 to 2 0,000 
cpms) were digested with 100 mU of a-L-fucosidase (E.C. 
3.2.1.51, Boehringer-Mannheim) in 70 m1 of 100 mM Na citrate 
pH 5.5, at 37°c for 22 hrs. The reactions were desalted by 
Dowex column chromatography and subjected to HPLC analysis 
using conditions described above. The products of the 
digestion were identified by comparison to parallel 
separations of L-[ ,4 C] fucose and [ 14 C] fucose-labelled acceptors. 
In each case, quantitative release of L-( M C] fucose was 
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achieved by a-L-fucosidase digestion. 

pPRQTA-gf 1.3/1.41 ft. Construction and Analysis. A 1344-bp 
Smal-BamHl segment of the cDNA insert containing the putative 
fucosyltransf erase catalytic domain was isolated from 
pCDM7-a( 1,3/1, 4) FT. This fragment was blunt-ended with the 
Klenow fragment of DNA polymerase I, and the ends were ligated 
to kinased double stranded linkers (5' CGGAATTCCG 3»). The 
ligated fragment was gel purified, digested with EcoRI, and 
gel purified again. This fragment was inserted at the unique 
EcoRI site of PPROTA. One plasmid ( pPROTA-a (1,3/1,4) FT C ) 
containing a single insert in the appropriate orientation was 
analyzed by DNA sequencing to confirm the predicted sequence 
across the junctions between the vector, linker, and insert. 

Plasmids pPROTA-a (1,3/1,4) FT e , pCDM7— a (1,3/1,4) FT , or 
pPROTA, (50 nq each) were separately introduced into COS-1 
cells (500,000 per 100 mm dish) by DEAE-dextranmediated 
transfection. After a 72-hour expression period, the media 
(10 ml) was harvested from each plate and subjected to low 
speed (3 00 x G for 8 min) and high speed (100,000 X G for 1 h) 
centrif ugations . The supernatants were" then adjusted" to dT05% 
Tween 20 and were either assayed directly, or were used in 
IgG-Sepharose binding studies. IgG-Sepharose or Sepharose 6B 
were preequilibrated as described by the manufacturer 
(Pharmacia) , and then equilibrated in 10% fetal calf serum in 
Dulbecco's modified Eagle's medium (FCS/DMEM) . Aliquots of 
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processed supernatants containing known amounts of enzyme 
activity prepared from transfected COS-1 cells were incubated 
batchwise with 100 ^1 of equilibrated IgG-Sepharose or 
Sepharose 6B, overnight at 4°C. supernatants were saved for 
assay ("Flow thru" activity). The matrices were then washed 
by centrifugation, 9 times with 1 ml of 50 mM Tris pH 7.5, 1 
rag/ml bovine serum albumin, twice with 1 ml of 20 mM Tris pH 
7.5, 5 mM CaCl 2 , 0.05% Tween-20, and once with FCS/DMEM. The 
matrices were then resuspended in an equal volume of FCS/DMEM. 
This suspension was used directly for assay of ot(l,3)FT 
activity. 

Example IV. Cloning by cross-hvbridization . and expr ession. 

of a DNA sequence encoding GDP-FuC: fl-D- 
Gal ( 1 . 4 \ -D-GlcNAc a (\ . 3 ) f ucosvlt ransf erase 
(Fuc-Trsn fDNA SEP ID NO: 7. Protein SEP ID 
NO:8> . 

The inventor had previously used a mammalian gene 
transfer procedure to isolate a clone cDNA (SEQ ID NP:1) that 
encodes the human Lewis blood group fucosyltransf erase (SEQ ID 
NP:2). The inventor was aware of biochemical and genetic data 
indicating that the human genome contains two or more other 
structural genes that encode fucosyltransf erases competent to 
construct surface localized Lewis x determinants 
( Gal0 1-4 [Fuca( 1-3 ) ]GlcNAc-) . These other enzyme(s) were 
thought to be polypeptides distinct from the Lewis 
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fucosyltransf erase because they exhibit different acceptor 
substrate specificities and differential sensitivities to 
divalent cation and N-ethylmaleimide inactivation. Moreover, 
their expression is determined by loci distinct from the Lewis 
blood group fucosy Itransf erase locus, and they display tissue 
specific patterns that are different from expression patterns 
determined by the Lewis locus. Because these enzymes exhibit 
properties that are very similar to the Lewis blood group 
fucosyltransf erase, the inventor considered it possible that 
their corresponding genes might be sufficiently related at the 
primary sequence level to be able to isolate them by cross- 
hybridization approaches. He considered this even though he 
and others had previously shown that glycosy Itransf erase 
sequences that use the same substrates are not at all related 
in their primary nucleic acid or amino acid sequences, since 
he knew that the fucosyltransf erases exhibited very similar 
substrate requirements, and in each case constructed one or 
more oligosaccharide products identical to those made by the 
Lewis fucosyltransf erase. 

In consideration of the possibility that these 
a (1,3) fucosy Itransf erases might be encoded by a family of 
structurally-related genes, he sought to isolate other such 
members by cross-hybridization methods, using the cloned Lewis 
fucosyltransf erase cDNA. Low stringency Southern blot 
hybridization experiments indicate that the coding region of 
the Lewis a ( l , 3 ) fucosyltransf erase cDNA detects strongly 
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hybridizing human DNA restriction fragments, as well as 
several weakly hybridizing fragments. Weakly hybridizing 
fragments were always detected regardless of the restriction 
enzyme used, suggesting that these represented one or more DNA 
sequences distinct from the authentic Lewis gene presumably 
represented by the strongly-hybridizing fragments. To further 
examine the molecular nature of these sequences r he screened a 
human lambda phage genomic DNA library at low stringency with 
the Lewis cDNA probe. A total of 18 phages were isolated from 
phages representing approximately five human genomic 
equivalents. Southern blot analysis of 16 of these phages 
allowed them to be placed into three groups, based upon their 
restriction patterns- and— hybridisation— sig*» 
strengths. Six phages representing a class of intermediate 
hybridization intensity were identified. A 3.6 kb cross- 
hybridizing PstI restriction fragment was subcloned from a 
representative phage of this class. To determine the 
relationship of this fragment to cross-hybridizing fragments 
detected in human genomic DNA with the Lewis probe, a 400 bp 
Avall-PvuII segment of this fragment, that cross-hybridized 
with the Lewis coding sequence probe, was also used to probe 
Southern blots at low stringency. For each enzyme used to 
generate the Southern blots, the Avall-PvuII probe detected 
one strongly hybridizing fragment, and one or more weakly 
hybridizing fragments. Each strongly hybridizing fragment 
corresponded to one of the weakly hybridizing fragments 
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generated by the same enzyme and detected by the Lewis probe. 
Likewise, the strongly hybridizing fragments detected with the 
Lewis probe correspond to fragments that exhibit weak 
hybridization to the Avall-PvuII probe- These results 
suggested that this probe, and the 3 . 6 kb fragment from which 
it was derived, represented the weakly cross-hybridizing DNA 
sequences detected by the Lewis probe on genomic DNA Southern 
blots* 

The homologous DNA restriction fragment maintains a 
single long open rea ding frame that predicts a polypeptide 
with similari ty to the Lewis blood group 

a (1. 3/1, 4) fucosyitransf erase cDNA . DNA sequence analysis of 
- the -3-^6— kb Pst I -feagment (-SEQ-ID NO:7) identified-a single 
long open reading frame within its 3 f portion corresponding to 
sequences that cross -hybridized to the Lewis cDNA probe (Fig, 
4 and Fig. 5) . This reading frame begins with a methionine 
codon that is found within a sequence context consistent with 
Kozak's consensus rules for mammalian translation initiation. 
Moreover, hydropathy analysis of the protein sequence 
predicted by this reading frame indicates a single hydrophobic 
segment at its NH 7 -terminus , suggesting" that the predicted 
polypeptide (SEQ ID NO: 8) would maintain the type II 
transmembrane orientation typical of mammalian 

glycosyltranf erases. The distal portion of this reading frame 
shares a substantial amount of amino acid sequence identity 
with the corresponding portion of the Lewis fucosyitransf erase 
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(Fig. 5) . These sequences share the highest degree of 
similarity between their COOH-terminal portions, within the 
catalytic domain of the Lewis fucosyltransf erase. Sequence 
divergence occurs toward the predicted NH 2 -end, within the 
"stem" and transmembrane regions of the latter enzyme. 

The DNA restriction fragment detects mRNA transcripts in 
HL-60 myeloid cells. To test the possibility that this 
segment represents a functional a (1,3) fucosyltransf erase gene, 
a portion of it was used as a probe to identify transcripts in 
a cell line known to express such enzymes. The HL-60 human 
cell line was examined since these myeloid lineage cells are 
known to express one or more a (l, 3) fucosyltransf erases that 
are distinct _£ torn _the__Lewis— ct ( 1 fucos-yltransf e:rase. 
Northern blot analysis of polyadenylated mRNA isolated from 
these cells, using the 400 bp Avall-PvuII segment 
corresponding to a portion of the open reading frame, 
identified four distinct transcripts* By contrast, no 
transcripts were detected when the same analysis was preformed 
using the Lewis cDNA. These results are consistent with the 
possibility that the fucosyltransf erase (s) expressed by HL-60 
cells are encoded by the open reading frame in the cloned Pstl 
segment • 

The open reading frame in the homologous DNA r ^striciton 
fragment determines expression of an a ( 1 . 3 ) fucosyltrans f erase. 
To determine if this segment encodes an 

a (1,3) fucosyltransf erase, the 3.6 kb Pstl fragment was cloned 
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into a mammalian expression vector and the resulting plasmid 
{pCDNAi-Fuc-TIV, "Experimental Procedures") was introduced 
into two types of mammalian host cells by transf ection. 
Transfected cells were then analyzed for vector-dependent cell 
surface glycocon jugate expression and for fucosyltransf erase 
activity. COS-l cells and CHO cells were used as hosts for 
these experiments since neither cell line normally expresses 
any detectable a (1,3)- and a ( 1, 4) fucosyltransf erase 
activities. Likewise, COS— 1 and CHO cells do not normally 
express detectable amounts of cell surface 

GaljS 1-4 [Fuca( 1-3) ]GlcNAc-( Lewis x f SSEA-1) moieties, or the 
a2-3 sialylated derivative (NeuAca2-3Gal£l-4 [Fuca ( 1- 
3)]GlcNac^, siaiyj__Lewis_x) . These cells do , however maintain 
surface-display of the non-fucosylated neutral and a2-*3- 
sialylated type II oligosaccharides that can function as 
precursors to such molecules, via the action of the 
ot (1, 3) fucosyltransf erase encoded by a transfected Lewis cDNA 
expression vector. COS-l cells also maintain surface display 
of the type I precursors to the Lewis a 
(Gal/3l-3 [Fuca (1-4) ]GlcNAc-) and sialyl Lewis a 
(NeuNAcot2-3 Gal/3 l-O [Fuca ( 1-4 ) JGlcNAc-) moieties . The vector 
pCDNAI was used since this plasmid efficiently transcribes 
exogenous, subcloned sequences in mammalian hosts by virtues 
of the cytomegalovirus immediate early promoter sequences in 
the vector. 

In initial biochemical analyses, extracts prepared from 
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COS-1 cells transfected with plasmid pCDNAI-Fuc-TlV were 
tested for the presentee of vector-dependent 
fucosyltransf erase activity, using several low molecular 
weight acceptor substrates. In a standard fucosyltransf erase 
assay ("Experimental Procedures"), extracts prepared from 
pCDNAl-Fuc-TIV transfected cells, but not from control 
transf ectants, contained a fucosyltransf erase activity (296 
pmol/mg-h) that utilized the type II disaccharide acceptor N- 
acetyllactosamine to yield a radiolabeled product with a 
chromatographic mobility ("Experimental Procedures") 
characteristic of authentic Galfll-3 ( Fuca ( 1-4 ) ] GlcNAc 
( R r fucosyi-N-tcetvtuctoaamioe " 0.85). However, under these assay 
conditions, two_ other ^neutral type- II molecules- — 
(2 • fucosyllactose, lactose) did not function as efficiently as 
N-acetyllactosamine as acceptor substrates for the 
fucosyltransf erase in these extracts (17 and 10 pmol/mg-h, 
respectively, for 2 ' -fucosyllactose and lactose). Only a 
trace amount of transfer could be detected using the type I 
substrate lacto-N-biose I. 

Likewise, the inventor did not detect fucose transfer to 
the sialylated acceptor NeuAca( 2-3 ) Gal(J"( l-*4) GlcNAc (less than 
1 pmol/mg-h) , even in extracts that exhibited a relatively 
large amount of activity toward N-acetyllactosamine (474 
pmol/mg-h). By contrast, under these same conditions f 
extracts containing the Lewis blood group fucosyltransf erase 
utilized both the sialylated acceptor (297 pmol/mg-h) and N- 
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acetyllactosamine (526 pmol/mg-h) , to form, respectively, the 
sialyl Lewis x tetrasaccharide and the Lewis x trisaccharide 
(see "Experimental Procedures") . Thus, the restricted 
acceptor preference exhibited by this enzyme in vitro 
contrasts remarkably with that exhibited by the Lewis 
a(i, 3/1, 4) fucosyltransferase, which can efficiently utilize 
each of the five acceptors tested. These results are 
summarized in Table 2. 

COS-l cells transfected with pCDNAl-Fuc-TIV were also 
analyzed by flow cytometry to detect de novo, vector-dependent 
surface expression of these oligosaccharide products, to allow 
an assessment of the enzyme's in vivo acceptor substrate 
requirements. The transfected COS-l cells exhbited positive 
staining with a monoclonal antibody directed aginst the Lewis 
x moiety GaljSl-4 [Fuca(l-3) ]GlcNAc-) (Fig. 8), whereas cells 
transfected with the pCDNAl vector without insert did not 
express this determinant. However, COS-l cells transfected 
with pCDNAl-Fuc-TIV, or with its control plasmid, did not 
stain with antibodies specific for the sialyl Lewis x antigen 
(Fig. 8). Likewise, the transfected cells did not exhibit 
detectable surface expression of Lewis a or sialyl Lewi's a 
molecules (Fig. 8) . 

Polylactosaminoglycans with terminal a (2-3) -linked sialic 
acid also exist that maintain a single internal a(l, 3) -linked 
fucose on the N-acetylglucosamine residue of the pneultimate 
lactosamine repeat. This determinant (NeuAca2-3Gal)3l-+ 
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4GlcNAc£l-3Gal/3l-4[Fucct(l-3) ]GlcNAc-) can be detected on the 
surfaces of myeloid cells by the monoclonal antibody VIM- 2 , 
and may be constructed by the action of 
ci£(l, 3) fucosyltransferase(s) on type II polylactosamine 
acceptors whose terminal galactose residues are substituted 
with a (2, 3) sialic acid moieties. Neither COS-1 cells 
transfected with the Lewis a ( l f 3 /l , 4) fucosyltransf erase, nor 
COS-l cells tranfected with plasmid pCDNAl-Fuc-TIV display 
detectable amounts of this determinant . 

Virtually identical results were obtained with COS-1 
cells transfected with the plasmid pCDNAI-a (1,3) FTMlu 
("Experimental Procedures") . This vector encompasses 
sequences corresponding-^to-bp-1904 through the end of the open 
reading frame in Fig. 4. These results provide additional 
evidence for the hypothesis that the open reading frame 
displayed in Fig. 4 corresponds to the coding portion of this 
fucosyltransf erase gene. 

To further demonstrate that enzymatic activity is 
directly associated with this protein, the putative catalytic 
domain of the predicted polypeptide (amino acids 50 to 405 of 
SEQ ID NO: 8) was fused to a secreted form of the IgG binding 
domain of Staphylococcus aureus protein A in the mammalian 
expression vector pPROTA, to generate the vector pPROTA-a ( Fuc- 
TIV) C . Since this fusion protein would lack the putative 
transmembrane anchoring segment of the fucosyltransf erase, the 
inventor expected it would be synthesized as a secreted 
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molecule that could be affinity-purified on an IgG-containing 
matrix and subsequently tested for a(l,3)FT activity. COS-1 
cells transfected with the control vectors pCDM7 or pPROTA 
generated no detectable cell-associated or released enzyme 
activity. However, conditioned media prepared from COS-1 
cells transfected with pPROTA-a < Fuc-TIV) c contained significant 
quantities of a:(l,3)FT activity when assayed with N- 
acetyllactosmine. Virtually 100% of the released activity 
generated by pPROTA-a ( Fuc-TIV) c is specifically retained by the 
IgG-Sepharose matrix. These results indicate that the protein 
encoded by this cloned DNA segment encodes a 
fucosyltransf erase, and demonstrate that information 
-sufficient to generate a (t, 3) FT activity resides within the 
enzyme's COOH-terminal 356 amino acids. 

Biochemical analysis of extracts prepared from a CHO cell 
line transfected with pCDNAl-Fuc-TIV (CHO-FT3 cells) yielded 
results similar to those obtained with the transfected COS-1 
cells. In the standard fucosyltransf erase assay (Experimental 
Procedures) , extracts prepared from the control transfected 
cell line CHO-V did not contain a (1, 3) fucosyltransf erase 
activity when tested with N-acetyllactosamine, 2'- 
fucosyllactose, lactose, or lacto-N-biose I, or 
NeuAca ( 2-3 ) Gal ( 1-4 ) GlcNAc ♦ By contrast , extracts prepared 
from the CHO- FT 3 line contained an a(l f 3) fucosyltransf erase 
activity (59.1 pmol/mg-h) that utilized the type II 
disaccharide acceptor N-acetyllactosamine to yield a 
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radiolabeled product characteristic of authentic 
Gal3(l-4)[Fuc a (1^3)]GlcNAc (R 2 ._ fucosyi . N _ acetyllact0£ 
0.85) (see "Experimental Procedures"). Under these assay 
conditions, the CHO-FT3 extracts utilized the type II acceptor 
molecules 2 ' -fucosyllactose and lactose with substantially 
lower efficiency (5.8 pmol/mg-h and 2.0 pmol/mg-h, 
respectively) . Virtually no transfer could be detected when 
these extracts were tested with the type I substrate lacto-N- 
biose I (<i pmol/mg-h) or with the sialyl Lewis x precursor 
NeuNAca2-3Gal01-4GlcNAc (<i pmol/mg-h). These results confirm 
those obtained with extracts prepared from the transfected 
cos-i cells, and indicate that, to a first approximation, the 
COS-l an d CHO g en_e_ti.c_ backgrounds do-not strongly influence 
the enzyme's ability to utilize these five low molecular 
weight acceptor substrates. 

With one striking and important exception, flow cytometry 
analyses with the CHO— ft 3 cells were virtually identical to 
those obtained with the transfected COS-1 cells. CHO- FT 3 
cells exhibit uniform, bright staining with anti-Lewis x 
antibody, but not with antibody directed against the sialyl 
Lewis x molecule. Control transfected cells do not stain with 
either antibody. As expected, neither cell line stained with 
antibodies against the neutral and a2-*3-sialylated Lewis a 
isomers, since CHO cells do not construct type I precursors. 
However, these cells differed in an important way from the 
transfected COS-1 cells, in that, like CHO cells transfected 
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with the Lewis a ( 1 , 3 / 1 , 4 ) fucosyltransf erase cDNA (pCDM7- 
a(l, 3/1 f 4) FT) , these cells expressed substantial amounts of 
the VIM- 2 determinant. 

Taken together with the results of the biochemical 
analyses performed with extracts from the transfected cells 
and summarized in Table 2, the flow cytometry analyses 
presented in Fig. 8 f the protein A gene fusion experiments f 
and the DNA sequence analysis indicate that plasmid pCDNAl- 
Fuc-TIV encodes an a ( 1 , 3 ) fucosyltransf erase. Transfection 
results obtained with plasmid pCDNAI-a ( 1 , 3 ) FTMlu also 
demonstrate that this enzyme is encoded by the open reading 
frame displayed in Fig, 4. The results further indicate that 
this enzyme can utilize type II precursors, but not type I 
precursors, and suggest that the enzyme cannot efficiently 
utilize a2-3-sialylated type II glycoconjugates to form the 
sialyl Lewis x determinant. 

Experimental Pro cedures for Example IV. "Cloning bv 
cross-hybridiz ation, and expression, of a DNA sequence 
encoding GDF-Fuc:ff-D-Gal f l . 4) 1-D-GlcNAc 
a < 1 . 3 ) -Fucosylt ransf erase: f Fuc-TIV 1 ) 11 

Cell culture. The source and growth conditions of COS-1 
cells, CHO transfectants, and A431 cells are as previously 
described (Ernst et al r J, Biol. Chem. (1989) 265:3436-3447; 
Raj an et al, J. Biol. Chem. (1989) 264:11158-11167). The 
human HL-60 cell line was obtained from Dr. Steve Kunkel 
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(University of Michigan, Ann Arbor) . HL-60 ceils were grown 
in 10% fetal calf seruxn and Dulbeccols Modified Eagle's 
Medium. 

Antibodies . The anti-Lex antibody anti-SSEA-1 Solter et 
al, Froc. Nat. Acad. Sci. fUSA^ (1978) 75:5565-5569) (mouse 
monoclonal IgM as ascites) was used. Anti-H and anti-Lewis a 
antibodies (mouse monoclonal IgM, antigen affinity purified) 
were purchased from Chembiomed Ltd. ( Edmonton , Alberta) . 
Anti-sialyi Lewis x antibody CSLEX1 f Fukushima et al . Cancer 
Res. (1984) 44:5279-5285) (mouse monoclonal IgM, HPLC 
purified) and anti-sialyl Lewis a antibody CSLEA1 fChia et al. 
Cancer Res . (1985) 45,: 4 3 5-4 37) (mouse monoclonal IgG3 r 
-ammonium- sulfate precipitate) were used^ Anti-VIM-2 was 
obtained from Dr. Bruce Macher (San Francisco State 
University) . A pooled mouse IgG antibody preparation (Mslg) 
was purchased from Coulter. Fluorescein-conjugated goat anti- 
mouse IgM or IgG antibodies were purchased from Sigma. 

Human genomic library construction . High molecular 
weight human genomic DNA was prepared from peripheral blood 
leukocytes as described previously ( Ernst et al (1989)). 
Genomic DNA was subjected to partial digestion with the 
restriction endonuclease Sau 3A. The partially digested 
genomic DNA was size fractionated by ultracentrif ugation 
through a sodium chloride gradient. Fractions enriched for 
DNA fragments between 8 Kb and 20 Kb were ligated to Xhol 
digested lambda FIX (Stratagene) phage arms that had been 
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partially filled in with dTTP and dCTP to make the ends 
compatible with the Sau3A fragments. The ligation mixture was 
packaged in vitro with commercial packaging extracts 
(Stratagene) , titered on E. coli host TAP90 ( Patteron et al r 
Nucl. Acids Res. (1987) 15:6298). Approximately 1.0 X 10 6 
recombinant lambda phage were screened by plaque 
hybridization. Plaque lifts were prepared using 
nitrocellulose filters (Schleicher and Schuell) and were 
prehybridized at 42 °C for 16 hours in 50% formamide, 5X SSC, 
10X Denhart's solution, and 0.1% SDS. Filters were hybridized 
for 72 hours at 35 °C in prehybridization solution containing 
10% dextran sulfate, and 100 micrograms per ml denatured 
salmon sperm DNA. The probe consisted of a 1.7 Kb Xho l- Xba l 
fragment isolated from the 5 1 end of a cDNA insert encoding 
the Lewis blood group a (1,3/1,4) fucosyltransf erase which was 
labeled with [ot- 32 P] dCTP. The filters were rinsed three times 
for 2 0 minutes each at room temperature in 2X SSC and then 
once for 40 minutes at 50 °C and IX SSC, 0.5% SDS. Filters 
were then subjected to autoradiography. Eighteen independent 
hybridization-positive plaques were identified after 2 
additional cycles of plaque hybridization. Phage DNAs were 
prepared from liquid lysates and were subsequently 
characterized by restriction endonuclease digestions and 
Southern blot analyses. 

DNA sequence an alysis . Phage DNA was digested with Pst I 
and a 3.8 Kb fragment homologous to the human 
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a(l, 3/1, 4) fucosyltransf erase cDNA was gel purified and ligated 
into the Pst X site of pTZ18R. A representative subclone 
containing a single insert was designated pFT-3. A 970 bp 
hybridization-positive Avall-PstI fragment was isolated from 
insert in pFT-3 and subcloned into pTZ18R. The DNA sequence 
of the insert in this plasmid was determined by the dideoxy 
chain determination method using T7 DNA polymerase (Pharmacia 
LKB Biotechnology, Inc.) and oligonucleotides synthesized 
according to flanking plasmid sequences and subsequently 
according to the insert sequence. This sequence data was used 
to generate additional synthetic deoxynucleotides which were 
then used to sequence portions of the insert in pFT-3. 
Sequence analysis was p erf ormed__ using the_^equence analysis 
software package of the University of Wisconsin Genetics 
Computer Group. 

Southern blot analysis . High molecular weight human 
genomic DNA was prepared from whole peripheral blood. Genomic 
DNA (10 ptg) was digested with restriction endonucleases , 
fractionated through a 0.8% agarose gel f and subjected to 
Southern blot analysis. To aid in the comparison of 
hybridization patterns obtained "with different probes, 
duplicate blots were prepared from identical sets of 
restriction digests electrophoresed on a single gel. southern 
blots were hybridized with the temperature being maintained at 
35 °C. Southern blots were probed with the 1.7 Kb Xhol-Xfeal 
fragment of plasmid pCDM7-a (1,3/1, 4) FT which represents the 5* 
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end of the human cDNA encoding the Lewis 

ac(l, 3/1, 4) fucosyltransf erase enzyme* Alternatively, Southern 
blots were probed with a 4 00 bp Ava ll- Pvu II fragment isolated 
from the insert in pFT-3. Following hybridization , blots were 
rinsed twice in 2X SSC 0,5% SDS at room temperature for 10 
minutes, washed, and then subjected to autoradiography. 

Northern blot analysis . Total RNA was prepared from 
cultured cells Poly A+ RNA was then isolated from total RNA by 
oligo dT cellulose column chromatography using commercially 
supplied columns (Clontech) and procedures supplied by the 
manufacturer . RNA samples were electrophoresed through 1.0% 
agarose gels containing formaldehyde and were then transferred 
to a n ylon tembrane (Hybond-N, Amersham) . Northern blots were 
prehybridized for l hour at 61°C in IX PE (16), 5X SSC f 1% 
sodium dodecyl sulfate, and 100 j*g/ml sheared salmon sperm 
DNA. Blots were then hybridized for at least 16 hours at 61°C 
in the same hybridization solution. The probe was a 
radiolabelled 4 00 bp Avall-Pvull fragment isolated from the 
insert in pFT-3. Following hybridization, blots were 
subjected to three, ten minute room temperature rinses in 2X 
SSC, and then washed for 30 minutes at*"6"2°C in 2X SSC, Q.2T 
SDS. 

Transfection and expression of the insert in pFT-3 . The 
3.8 Kb PstI insert in plasmid pFT-3 was excised and cloned 
into the Pst I site in the mammalian expression plasmid pCDNAl 
(Invitrogen) . one plasmid with a single insert in the sense 
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orientation with respect to the plasmid's CMV promoter 
enhancer sequences was designated pCDNAl-Fuc-TIV, and was used 
for subsequent analysis. 

construction and radiolabelina of stablv transfected CHO 
cell lines . CHO Ade-C cells were transfected with 
Seal- linearized pCDM7-Fuc-TIV, co-precipitated in a 10-fold 
molar excess over EcoRI-linearized pSV2-Neo. A single, 
clonal, SSEA-l-positive cell line (CHO— FT 3 ) was derived from 
this population, cell extracts prepared from CHO-FT3 
contained substantial amounts of a ( 1 f 3 ) f ucosyltransf erase 
activity when assayed with the acceptor N-acetyllactosamine. 

FACS analysis . COS-l cells transfected with plasmid DNAs 
were harvested 48-72 hours^af ter_trans^ection r _ and- stained 
with monoclonal antibodies diluted in staining media. 
Anti-Lewis a and anti-H antibodies (mouse IgM monoclonal; 
antigen-affinity purified? Chembiomed, Edmonton) were used at 
10 /ig/ml. Anti-SSEA-1 (mouse monoclonal IgM; ascites) was 
used at a dilution of 1:1000. Anti-sialyl Lewis x (mouse 
monoclonal IgM; HPLC purified from ascites) was used at 10 
^g/ml. Anti-sialyl Lewis a (mouse monoclonal IgG3; ammonium 
sulfate precipitate of ascites) was used at a dilution of 
1:1000. Control mouse IgG3 antibody (Mslg, Coulter) was used 
at a concentration of 10 jig/ml. Anti-VIM-2 antibody (mouse 
monoclonal IgM; ascites) was used at a dilution of 1:200. 
Cells were then stained with fluorescein isothiocyanate- 
conjugated goat anti-mouse IgM or IgG, as appropriate, and 
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were then subjected to analysis on a FACScan (Becton- 
Dickinson) . 

Fucosvltransf erase assays . Cell extracts containing 1% 
Triton X-100 were prepared from transfected COS-1 cells . 
Fucosyltransf erase assays were performed in a total volume of 
20 fil, and contained 50 raM sodium cacodylate, pH 6.2, 5 mM 
ATP, 10 mM fucose, 2 0 mM MnCl 2 , 3 ptM GDP- 14 C-fucose, and 5 pi 
(30 fxg protein) of cell extract. Acceptor substrates were 
added to a final concentration of 20 mM. Reactions were 
incubated at 37 °c for l hour and terminated by addition of 20 
/xl ethanol, followed by addition of 600 /xl of distilled water. 
An aliquot of each reaction (50 /xl) was subjected to 
scintillation. counting to determine total radioactivity in the 
reaction*. Another aliquot (200 ixl) was applied to a column 
containing 400 fil of Dowex 1X2-400 f formate form. The flow 
through fraction, and 2 til of a subsequent water elution, were 
collected and pooled, and an aliquot was subjected to 
scintillation counting to quantitate incorporation of 
radioactive fucose into neutral product. Descending paper 
chromatography was used to confirm the structure of the 
product formed with the acceptor N-acetyllactosamine. The 
neutral product in the Dowex column eluate was concentrated by 
lyophilization, resuspended in a small volume of water, and 
fractionated through Whatman No* 40 in phenol/ isopropanol/ 
formic acid/water (85:5:10: 100 , lower layer) . After 
chromatography (40 hours) , the air-dried chromatogram was cut 
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irvto 1 cm strips and the strips eluted into 2 ml of water. 
Radioactivity in each eluate was determined by scintillation 
counting after mixing with 10 ml of scintillation cocktail. 

An affinity-purified, protein A-Lewis fucosyltransf erase 
fusion protein was used to prepare an authentic, radiolabeled 
Gal/3(i-4) [ i4 C-Fuca(l-3) ]GlcNAc standard for this analysis. 
This fusion protein was incubated with 20 mM 

N-acetyllactosamine, 150 GDP-[ 14 C] fucose (sp. act. = 3 f 800 
cpms/nmol) , in a standard fucosyltransf erase reaction mixture. 
The neutral, radiolabeled product was purified by amine 
adsorption HPLC on a Waters Carbohydrate Analysis column, 
using an isocratic gradient consisting of 70% acetonitrile in 
water,-at.a flow^rate of 1— ml-/min. The product (17 nmol) was 
subjected to analysis by I4 C NMR (Center for Complex 
Carbohydrate Research, Athens, GA) . The sample was exchanged 
repeatedly in D 2 Q and subjected to NMR analysis at 500 MHz. 
The proton NMR spectrum was recorded on a Bruker AM500 
instrument at 28 °c. Chemical shifts are relative to acetate 
(8, 1.908 ppm) . The structure of the expected trisaccharide 
Gal£(l-4) [Fuca(l-3) )GlcNAc, was verified by 500 MHz 
spectroscopy. The spectrum, recorded in D 2 0 at 28 °C, showed 
H-l signals for GlcNAC (a-anomer) at 5«5.102, for Gal at 
5«4.467 and 4.454 ppm (for the a- and /3-anomers, respectively, 
of the trisaccharide) and for Fuc at <S«5.102 ppm. The 
anomeric signal for the j3-anomer of GlcNAc was obscured by the 
residual HOD peak (<S«4.72 ppm). The methyl signals of the 
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GlcNAc N-acetyl group and the C6 protons of Fuc were observed 
at <S«2.032 and 1.178 ppm, respectively. These chemical shifts 
match those published for the authentic trisaccharide 
Gal0(l->4) [Fuca(l-3) ]GlcNAc. 

g-L-Fucosidase D igestion . The neutral, 
chromatographically-purif ied radiolabeled fucosyltransf erase 
product was subjected to ot-L-fucosidase digestion to confirm 
the alpha anomeric configuration of the attached fucose* 
3-[ l4 C] fucosyl-N-acetyllactosamine was purified by descending 
paper chromatography as described above, and an aliquot (7000 
cpms) was digested with 4 0 mU of a-L-f ucosidase (E.C. 
3.2.1.51, Boehringer-Mannheim) in 20 fil of 100 mM Na citrate 
pH 5,5, at 37°C for 22 hrs. The reaction was desalted by 
Dowex column chromatography and subjected to HPLC analysis 
using conditions described above for preparation of the 
radiolabeled standard. The product of the digestion was 
identified by comparison to parallel separations of L- [ l4 C] 
fucose and the 3-[ l4 C] fucosyl-N-acetyllactosamine starting 
material. Quantitative release of L-[ l4 C] fucose was achieved 
by a-L-fucosidase digestion. 
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Example V. Isolation of a GDP-Fuc: fl-D-Gal f 1 , 4 WP-GlcNAc 

gfl,3^Fucosvltransferase fFuc-TV, DNA SEP ID 
NO: 10, Protein SEP TP NOsill through 
cross-hvbridization : 
Molecular cloning of a human genomic DNA segment that 
cross-hybridizes to the Lewis blood group a(l,3/l,4) fucosyl- 
transf erase cDNA: Low stringency Southern blot hybridization 
experiments have indicated to the inventor that the coding 
region of the Lewis fucpsyltransf erase cDNA detects strongly 
hybridizing restriction fragments, as well as several weakly 
hybridizing fragments* 

The inventor expected that the strongly hybridizing 
fragments represented one^or jmore genes similar to the Lewis 
fucosyltransf erase cDNA. To further examine the molecular 
nature of these sequences, as noted above in Example IV f the 
inventor screened a human lambda phage genomic DNA library at 
low stringency with the Lewis cDNA probe • A total of 18 
phages were isolated from phages representing approximately 
five human genomic equivalents. Southern blot analysis of 16 
of these phages allowed them to be placed into three groups, 
based upon their restriction patterns and hybridization signal 
intensity strengths. Several phages representing a class with 
strong hybridization intensities were identified. 
Cross-hybridizing restriction fragments isolated from one of 
these phages was subcloned and sequenced. 

The homologous DNA restriction fragment maintains a 
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single long open reading frame that predicts a polypeptide 
with strong similarity to the Lewis blood group a (1,3/ 1,4) 
fucosyltransf erase cDNA: DNA sequence analysis of the 
subcloned fragments identified a single long open reading 
frame within its 3* portion, beginning at base pair 1 and 
ending at base pair 1125 (SEQ ID NO: 10) (see Figure 6). This 
reading frame begins with a methionine codon that is found 
within a sequence context consistent with Kozak's consensus 
rules for mammalian translation initiation. A hydropathy 
analysis of the protein sequence predicted by this reading 
frame (SEQ ID NO: 11) would predict a single hydrophobic 
segment at its NH 2 -terminus , suggesting that the predicted 
polypeptide would maintain- the type II transmembrane - — 
orientation typical of mammalian glycosyltransf erases. 
Virtually the entire length of this reading frame shares a 
strikingly high amount of amino acid and nucleic acid sequence 
identity with the corresponding portion of the Lewis 
fucosyltransf erase cDNA (Figure 6). This sequence similarity 
diverges in just a few positions, most notably at base pair 
139 within the open reading frame. This 3 3 base pair 
insertion, relative to the Lewis cDNA, would create a peptide 
insertion of 11 amino acids , relative to the Lewis 
fucosyltransf erase* Because of the substantial sequence 
similarity between these two DNA sequences, and their derived 
protein sequences, the inventor expected this new 
cross-hybridizing sequence to represent a single exonic 
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sequence, representing a heretofore undefined gene, that 
encodes a fucosyitransf erase. 

The homologous DNA restriction fragment determines 
expression of an a(l, 3) f ucosyitransf erase: To determine if 
this segment encodes a functional f ucosyitransf erase, a 1.94 
kb Earl-Xbal fragment containing the entire open reading frame 
was cloned into a mammalian expression vector, and the 
resulting plasmid (pCDNAl-Fuc-TV) was introduced into 
mammalian host cells by transf ection, COS-1 cells were used 
as hosts for these experiments since these cells normally 
express virtually undetectable a(l,3)- and 

a(l, 4) f ucosyitransf erase activities. * Likewise, COS-I cells do 
not norma lly ex press detectable ^amounts of cell surface 
Gal01->4(Fuca(l->3) )GlcNAc- (Lewis x, SSEA-1) or 
Gal#l->3[Fuca(l->4) ]GlcNAc- (Lewis a) moieties, whereas they 
do maintain surface-display of non-f ucosylated type II and 
type I oligosaccharide precursors necessary for the 
construction of such molecules. The vector pCDNAI was used, 
since this plasmid efficiently transcribes exogenous, 
subcloned sequences in COS-1 hosts by virtue of the 
cytomegalovirus immediate early promoter sequences in the 
vector, and is maintained in these cells as a multicopy 
episome. 

COS-1 cells transfected with pCDNAl-Fuc-TV were first 
analyzed by flow cytometry to detect de novo, vector-dependent 
surface expression of these oligosaccharides. A substantial 



fraction of these transfected cells exhibited bright staining 
with a monoclonal antibody directed against the Lewis x moiety 
(Galtf (1^4) [Fuca(l-3) ]GlcNAc-) (Fig. 8), whereas cells 
transfected with the pCDNAl vector without insert did not 
express this determinant. By contrast, COS-1 cells 
transfected with pCDNAl-Fuc-TV, or with its control plasmid, 
did not stain with antibodies specific for the type I -based 
Lewis a trisaccharide (Fig. 8) . 

Taken together, these results are consistent with the 
results of DNA sequence analysis indicating that this segment 
encodes an a ( 1 , 3 ) fucosyltransf erase competent to utilize 
neutral type II oligosaccharide precursor, but that the enzyme 
cannot efficiently utilize type I glycoconjugates and thus 
does not exhibit strong a (1, 4) fucosyl transferase activity. 

There is evidence supporting the possibility that one or 
more human a (1, 3) fucosyltransf erases exist that can utilize 
type II acceptors whose terminal galactose residues are 
substituted with a (2, 3) sialic acid moieties. Such enzymes can 
fucosylate these molecules to form the sialyl-Lewis x 
determinant (NeuAca(2->3)Gal0(l->4) [Fuca(l->3) ]GlcNAc-) . The 
Lewis fucosyltransf erase, for example, is competent to perform 
this reaction. 

It was therefore of interest to determine if the 
fucosyltransferase apparently encoded by plasmid pCDNAl-Fuc-TV 
would be capable of constructing sialyl-Lewis X determinants, 
COS-1 cells maintain surface-expressed glycoconjugates 
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terminating in (NeuAca(2, 3) Gal/3 (1, 4)GlcNAc-; these represent 
acceptor substrates for sialyl-Lewis construction determined 
via the action of enzymes encoded by transfected 
fucosyltransf erase expression vectors* COS-1 cells were 
therefore transfected with plasmid pCDNAl-Fuc-TV, stained with 
a monoclonal anti-sialyl Lewis x antibody, and subjected to 
flow cytometry analysis • A significant amount of staining was 
detected, relative to control cell transfected with the vector 
alone, or relative to pCDNAl-a ( 1 , 3 ) -Fuc-TV-transf ected cells 
stained with a negative control antibody (anti-H) . (Fig. 8) . 

However, these cells did not stain with an antibody 
specific for the type I-based, sialyl-Lewis a determinant 
(NeuAcoc(2,3)Galj3(l,3) [Fuca(l,4) ]GlcNAc-) (Fig- S) . By 
contrast, the inventor had previously observed that a 
substantial fraction of C0S-1 cells transfected with the Lewis 
fucosyltransf erase expression plasmid pCDM7-cr ( 1 , 3 / 1 , 4 ) FT 
exhibit bright staining with the sialyl-Lewis x and 
sialyl-Lewis a antibodies, as predicted by biochemical 
analysis of the acceptor substrate specificity of this enzyme. 

The conclusion that plasmid pCDNAl-Fuc-TV encodes an 
a(l, 3) fucosyltransf erase was confirmed by biochemical analysis 
of the acceptor substrate requirements of the enzyme in 
extracts of COS-1 cells transfected with plasmid pCDNAl-Fuc- 
TV. As expected, the enzyme in these extracts utilized the 
type II disaccharide acceptor N-acetyllactosmine, to yield the 
predicted product Gal/3 ( 1-4) [Fuca ( 1-3 ) ]GlcNAc. The enzyme also 
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efficiently utilized the trisaccharide 

NeuAca(2, 3 ) Gal£ ( 1 , 4 ) GlcNac to form the sialyl Lewis x 
tetrasaccharide (Table 2). Under these conditions, other type 
II molecules, including lactose, and the a(l, 2) fucosylated 
type II acceptor Fuca ( l->2) Gal£ (l->4) Glc, did function as 
acceptor substrates for the fucosyltransf erase in these 
extracts, although with substantially lower efficiencies. 
(Summarized in Table 2). 

Interestingly, the type I substrate lacto-N-biose I is 
also utilized by this enzyme, although again at low efficiency 
(Table 2) . This suggests that the enzyme can also function as 
an a (1, 4) fucosyltransf erase, but at a very low efficiency, as 
-Also__sug^est_ed_Joy the_absence of-a(-M-)-structures on flow 
cytometry analysis. The acceptor preferences exhibited by 
this enzyme contrast with that exhibited by the Lewis 
fucosyltransf erase, which is able to efficiently utilize each 
of the four acceptors tested. 

To further demonstrate that enzymatic activity is 
directly associated with this protein, the putative catalytic 
domain of the predicted polypeptide (amino acids 43 to 374 of 
SEQ ID NO: 11) was fused to a secreted form of the IgG binding 
domain of Staphylococcus aureus protein A in the mammalian 
expression vector pPROTA, to generate the vector pPROTA-Fuc- 
TV ; . Since this fusion protein would lack the putative 
transmembrane anchoring segment of the fucosyltransf erase, the 
inventor expected it would be synthesized as a secreted 
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molecule that could be affinity-purified on an IgG-containing 
matrix and subsequently tested for a ( 1, 3) fucosyltransf erase 
activity. cos-i cells transfected with the control vector 
pCDM7 or pPROTA generated no detectable cell-associated or 
released enzyme activity. However, conditioned media prepared 
from COS-l cells transfected with pPROTA-Fuc-TV c contained 
significant quantities of a (1, 3) fucosyltransf erase activity 
when assayed with N-acetyllactosmine. Virtually 100% of the 
released activity generated by pPROTA-Fuc-TV c is specifically 
retained by the IgG-Sepharose matrix. These results indicate 
that the protein encoded by this cloned DNA segment encodes a 
fucosyltransf erase, and demonstrate that information 
sufficient. to generate a ( 1 , 3 ) fucosyl transferase activity 
resides within the enzyme's COOH-terminal 3 32 amino acids. 

Taken together with the results of the flow cytometry 
analyses and DNA sequence analysis, these experiments indicate 
that plasmid pCDNAl-Fuc-TV encodes a novel 
a ( 1 , 3 ) fucosyltransf erase . 

Experimental Pr ocedures for Example V. "Isolation of a 
GDP-Fuc-fl-p-Gal ( 1 . 4 \ -D-G1 citiAc a. ( \\ 3 \ Fucosyltransf erase "" 
fFuc-TVT through cross-hvbridization: 

Cell culturp. The source and growth conditions of COS-l 
cells used are as previously described- See Ernst et al : . J. 
Biol. Chem. (1989) 2^5:3436-3447 and Raian et al, J. Biol. 
Cheiru (1989) 264 : 11158-11167. 
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Antibodies . The anti-Lex antibody anti-SSEA-1 (mouse 
monoclonal IgM as ascites) was used. Solter et ah Proc. Nat . 
Acad. Sci, (USA) (1978), 75:5565-5569. Anti-H and anti-Lewis a 
antibodies (mouse monoclonal IgM, antigen affinity purified) 
were purchased from Chembiomed Ltd* (Edmonton, Alberta) . 
Anti-sialyl Lewis x antibody CSLEX1 fFukushima et aL Cancer 
Res. (1984) 44:5279-5285) (mouse monoclonal IgM, HPLC 
purified) and anti-sialyl Lewis a antibody CSLEA1 ( Chia et al. 
Cancer Res. (1985) 45:435-437) (mouse monoclonal IgG3 , 
ammonium sulfate precipitate) were used. Fluorescein- 
conjugated goat anti-mouse IgM or IgG antibodies were 
purchased from Sigma. 
- — -HmaR-^renomic -1-iby a^v— construction . — High molecular weight 
human genomic DNA was prepared from peripheral blood 
leukocytes. Genomic DNA was subjected to partial digestion 
with the restriction endonuclease Sau3A. The partially 
digested genomic DNA was size fractionated by 
ultracentrifugation through a sodium chloride gradient. 
Fractions enriched for DNA fragments between 8 Kb and 2 0 Kb 
were ligated to Xhol digested lambda FIX (Stratagene) phage 
arms that had been partially filled in with dTTP and dCTP to 
make the ends compatible with the Sau3A fragments. 

The ligation mixture was packaged in vitro with 
commercial packaging extracts (Stratagene), tittered on E. 
coll host TAP90. Approximately 1.0 X 10 6 recombinant lambda 
phage were screened by plaque hybridization. Plaque lifts 
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were prepared using nitrocellulose filters (Schleicher and 
Schuell) and were prehybridized at 42 °C for 16 hours in 50% 
formamide, 5X SSC, 10X Denhart's solution, and 0,1% SDS. 
Filters were hybridized for 7 2 hours at 3 5 °C in 
prehybridization solution containing 10% dextran sulfate, and 
100 micrograms per ml denatured salmon sperm DNA. The probe 
consisted of a 1.7 Kb Xhol-Xbal fragment isolated from the 5 1 
end of a cDNA insert encoding the Lewis blood group a (1,3/1,4) 
fucosyltransf erase, which was labeled with [a- 32 P] dCTP. The 
filters were rinsed three times for 2 0 minutes each at room 
temperature in 2X SSC and then once for 40 minutes at 50 °C and 
IX SSC, 0,5% SDS. Filters were then subjected to 
autoradiography .^ Eighteen independen-'fe— hybafidi-za-t ion-positive 
plaques were identified after 2 additional cycles of plaque 
hybridization. Phage DNAs were prepared from liquid lysates 
and were subsequently characterized by restriction 
endonuclease digestions and Southern blot analyses. 

DNA sequence analysis . Phage DNA was digested with 
various restriction enzymes, and fragments homologous to the 
human a (1,3/ 1,4) fucosyltransf erase cDNA were gel purified and 
ligated into the multicloning site of pTZ18R. Representative 
subclones were sequenced by the dideoxy chain determination 
method using T7 DNA polymerase (Pharmacia LKB Biotechnology, 
Inc.) and oligonucleotides synthesized according to flanking 
plasmid sequences and subsequently according to the insert 
sequence. This sequence data was used to generate additional 
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synthetic deoxynucleotides which were then used to sequence 
remaining portions of the inserts. Sequence analysis was 
performed using the sequence analysis software package of the 
University of Wisconsin Genetics Computer Group. 
Construc tion of plasmid oCDNAl-Fuc-TV 
A 1.94 kb Earl-Xbal fragment was isolated from a 
representative phage taken from a strongly hybridizing class 
of phages, made blunt with the Klenow fragment of E. coli DNA 
polymerase I, and cloned into the EcoRV and Xbal sites in the 
mammalian expression plasmid pCDNAl (Invitrogen) . One plasmid 
with a single insert in the sense orientation with respect to 
the plasmid* s CMV promoter enhancer sequences was designated 

pCDNA l_-r.Fu.C-TV . 

FACS analysis. COS-1 cells transfected with plasmid DNAs 
were harvested 48-72 hours after transf ection f and stained 
with monoclonal antibodies diluted in staining media. Anti- 
Lewis a and anti-H antibodies (mouse IgM monoclonal; 
antigen-affinity purified; Chembiomed, Edmonton) were used at 
10 Mg/ml. Anti-SSEA-1 (mouse monoclonal IgM; ascites) was 
used at a dilution of 1:1000. Anti-sialyl-Lewis x (mouse 
monoclonal IgM; HPLC purified from ascites) was used at 10 
Mg/ial. Anti-sialyl Lewis a (mouse monoclonal IgG3 ; ammonium 
sulfate precipitate of ascites) was used at a dilution of 
1:500. Cells were then stained with fluorescein 
isothiocyanate-conjugated goat anti-mouse IgM or IgG, as 
appropriate, and were then subjected to analysis on a FACScan 
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(Becton-Dickinson) . 

Fucosyltransf erase assays . Cell extracts containing 1% 
Triton X-100 were prepared from transfected COS-1 cells. 
Fucosyltransf erase assays were performed in a total volume of 
2 0 Ml/ and contained 25 mM sodium cacodylate, pH6.2, 5 mM ATP, 
10 mM L-fucose, 10 mM MnCl 2 , 3 }M GDP- l4 C-fucose, and 5 /Ltl of 
cell extract* Acceptor substrates were added to a final 
concentration of 20 mM. Reactions were incubated at 37 °C for 
1 hour and terminated by addition of 20 pi ethanoi, followed 
by addition of 600 fil of distilled water. An aliquot of each 
reaction (50 pi) was subjected to scintillation counting to 
determine total radioactivity in the reaction. Another 
aliquot (200 /xl) was applied to a column containing 400 pi of 
Dowex 1X2-400, formate form. The flow through fraction, and 2 
Ml of a subsequent water elution, were collected and pooled, 
and an aliquot was subjected to scintillation counting to 
quantitate incorporation of radioactive fucose into neutral 
product . 

Example VI. Cloning and expression of a DNA sequence 
encoding a GDP-Fuc: fl-D-Gal ( 1 . 4 \ -D-GlcNAc " 
gfl. 31 fucosyltransf erase" f Fuc— TVT } hna SEP ID 
NO: 13. nrotein SEP ID NO: 141 through cross 
hybridization. 

Biochemical and genetic studies indicate that the human 
genome encodes two or more distinct GDP-L-f ucose: /3-D- 
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Galactoside 3 -a-L-Fucosyltransf erases (Potvin et al f J. Biol. 
Cheiru, 265:1615-1622, 1990; Watkins , Adv. Hum. Genet. . 10:1- 
116 , 1980). the inventor has recently described a cloned cDNA 
that encodes one of these enzymes, that is thought to 
represent the product of the human Lewis blood group locus 
(Kukowska-Latallo et al, Genes Devel. . 4:1288-1303, 1990) (DNA 
SEQ ID NO:l and Protein SEQ ID NO: 2). In consideration of the 
possibility that these GDP-L-fucose: £-D-Galactoside 3-cr-L- 
Fucosyltransf erases might be encoded by a family of 
structurally-related genes, the inventor sough to isolate 
other such members by cross-hybridization methods, using the 
cloned Lewis fucosyltransf erase cDNA. 

Molecular cloni ng of a human genomic DNA segment that 
crosshvbridiz es to the Lewis blood group 

a ( 1 . 3 / 1 . 4 ) fucosyltransf P rase cDNA - As noted above in Examples 
IV and V, low stringency Southern blot hybridization 
experiments indicate that the coding region of the Lewis 
fucosyltransferase cDNA detects strongly hybridizing 
restriction fragments, as well as several weakly hybridizing 
fragments. To further examine the molecular nature of these 
sequences, the inventor screened a human lambda phage genomic 
DNA library at low stringency with the Lewis cDNA probe. A 
total of 18 phages were isolated from phages representing 
approximately five human genomic equivalents. Southern blot 
analysis of 16 of these phages allowed them to be placed into 
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three groups, based upon their restriction patterns and 
hybridization signal intensity strengths- Several phages 
representing a class with strong hybridization intensities 
were identified. Cross-hybridizing restriction fragments 
isolated from one of these phages was subcloned and sequenced. 

The homologous DNA restriction fragment maintains a 
single long op en reading frame that predicts a polypeptide 
with strong similarity to the Levis blood group 
a ( 1 . 3 / 1 , 4 ) fucosvltransf erase cDNA - DNA sequence analysis of 
the cross-hybridizing subcloned fragment (SEQ ID NO: 13) 
identified a single long open reading frame, beginning at base 
pair 1 and ending at base pair 1080 (Figure 7) . This reading 
"frame begins with^a methionine codoh that ~i~s" found within a 
sequence context consistent with KozaJ^s consensus rules for 
mammalian translation initiation* A hydropathy analysis of 
the protein sequence predicted by this reading frame (SEQ ID 
NO: 14) predicts a single hydrophobic segment at its Nik- 
terminus, suggesting that it represents a 359 amino acid 
protein (SEQ ID NO: 14) that is predicted to maintain the type 
II transmembrane orientation typical of mammalian 
glycosyltransf erases. Virtually the entire length of this 
reading frame shares a strikingly high amount of amino acid 
(not shown) and nucleic acid sequence identity with the 
corresponding portion of the Lewis fucosyltransf erase cDNA 
(Figure 7) . Because of the substantial sequence similarity 
between these two DNA sequences, and their derived protein 
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sequences, we expected this new cross-hybridizing sequence to 
represent a single exonic sequence, representing a heretofore 
undefined gene f that encodes a fucosyltransf erase. 

The homologous DNA restriction fragment determines 
expression of an a ( 1 . 3 ) fucosyltransf erase - To determine if 
this segment encodes a functional fucosyltransf erase, a 1.2 kb 
fragment containing the entire open reading frame was 
generated by the polymerase chain reaction and was cloned into 
a mammalian expression vector , and the resulting plasmid 
(pCDNAl-Fuc-TVI) was introduced into mammalian host cells by 
transf ection. COS-1 cells were used as hosts for these 
experiments since these cells normally express virtually 
undetectable a (1,3)- and a (1, 4) fucosyltransf erase activities 
(Kukowska-Latallo et al, Genes Devel. . 4:1288-1303, 1990). 
Likewise, COS-1 cells do not normally express detectable 
amounts of cell surface Gal0 1-4 [Fucoc( 1-3) ]GlcNAc-( Lewis x, 
SSEA-l) or Gal/3l-3[Fuca(l-4) ]GlcNAc-(Lewis a) moieties, 
whereas they do maintain surface-display of non-fucosylated 
type II and type I oligosaccharide precursors necessary for 
the construction of such molecules (Kukowska-Latallo et al, 
Genes Devel. . 4:1288-1303, 1990). The vector pCDNAl was used 
since this plasmid efficiently transcribes exogenous, 
subcloned sequences in COS-1 hosts by virtue of the 
cytomegalovirus immediate early promoter sequences in the 
vector, and is maintained in these cells as a multicopy 
episome (Kukowska-Latallo et al, Genes Devel. , 4:1288-1303, 
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1990) . COS-1 cells transfected with pCDNAl-Fuc-TVI were first 
analyzed by flow cytometry to detect de novo, vector-dependent 
surface expression of these oligosaccharides. A substantial 
fraction of these transfected cells exhibited bright staining 
with a monoclonal antibody directed against the Lewis x moiety 
(Gal/3(l-4) [Fuca(l-3) ]GlcNAc-) (Figure 8), whereas cells 
transfected with the pCDNAl vector without insert did not 
express this determinant. By contrast, COS-1 cells 
transfected with pCDNAl-Fuc-TVI , or with its control plasmid f 
did not stain with antibodies specific for the type I-based 
Lewis a trisaccharide (Figure 8), Taken together, these 
results are consistent with the results of the DNA sequence 
analysis indicating that this segment encodes an 
a(l, 3) fucosyltransf erase competent to utilize neutral type II 
oligosaccharide precursor, but that the enzyme cannot utilize 
type I glycoconjugates and thus does not exhibit 
a ( l , 4 ) fucosyltransf erase activity . 

There is evidence supporting the possibility that one or 
more human a (1,3) fucosyltransf erases exist that can utilize 
type II acceptors whose terminal galactose residues are 
substituted with a (2, 3) sialic acid moieties (Potvin et'al, - £7 
Biol. Chem., 265:1615-1622, 1990; Holmes et al, J. Biol. 
Chem. , 261:3737-3743, 1986; Palcic et al, Carbohvd. Res. . 
190:1-11, 1989). Such enzymes can fucosylate these molecules 
to form the sialyl-Lewis x determinant 
(NeuAca ( 2-3 )Gal£( 1-4) [Fuca(l-3) ]GlcNAc-) . The Lewis 
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fucosyltransf erase, for example, is competent: to perform this 
reaction (Palcic et al, Carbohvd. Res, , 190: 1-11 f 1989; Lowe 
et al, Cell . 63:475-484, 1990) . It was therefore of interest 
to determine if the fucosyltransf erase apparently encoded by 
plasmid pCDNAl-a(l, 3) Fuc-TVI would be capable of constructing 
sialyl-Lewis x determinants. COS-1 cells maintain surface- 
expressed glycoconjugates terminating in 

(NeuAca(2,3)Gal#(l,4)GlcNAc- (Lowe et al, Cell , 63:475-484, 
1990; Fukuda et al, J. Biol. Chem. . 263:5314-5318, 1988); 
these represent acceptor substrates for sialyl-Lewis x 
construction determined via the action of enzymes encoded by 
transfected fucosyltransf erase expression vectors (Lowe et al, 
— Cell-, 6 3 :-4-7-5-4-84,- 1990) . —COS-1— cells -were therefore 
transfected with plasmid pCDNAl-Fuc-TVI , stained with a 
monoclonal anti-sialyl Lewis x antibody, and subjected to flow 
cytometry analysis. A significant amount of staining was 
detected, relative to control cell transfected with the vector 
alone, or relative to pCDNAl- Fuc-TVI -transfected ceils stained 
with a negative control antibody (anti-H, Figure 8). However, 
these cells did not stain with an antibody specific for the 
type I-based, sialyl-Lewis a determinant 

(NeuAcoc(2, 3)Gal/3(l,3) [Fuca(l,4) ]GlcNAc-) (Figure 8). By 
contrast, the inventor has previously demonstrated that a 
substantial fraction of COS-1 cells transfected with the Lewis 
fucosyltransf erase expression plasmid pCDM7-a (1, 3/1, 4) FT 
exhibit bright staining with the sialyl-Lewis x and sialyl- 
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Lewis a antibodies (Lowe et al f Cell , 63:475-484, 1990), as 
predicted by biochemical analysis of the acceptor substrate 
specificity of this enzyme (Palcic et al, Carbohvd . Res . . 
190: 1-11, 1989) . 

The conclusion that plasmid pCDNAl-Fuc-TVI encodes an 
a(l, 3) fucosyltransf erase was confirmed by biochemical analysis 
of the acceptor substrate requirements of the enzyme in 
extracts of C0S-1 cells transfected with plasmid pCDNAl-Fuc- 
TVI. As expected, the enzyme in these extracts utilized the 
type II disaccharide acceptor N-acetyllactosmine , to yield the 
predicted product Galj3(l-4) [Fuca(l-3) ]GlcNAc. The enzyme also 
efficeintly utilized the trisaccharide 
NeuAca(2,3)Gal3(l,4)GlcNAc to form the sialyl Lewis X 
tetrasaccharide (Table 2) ♦ Under these conditions, other type 
II molecules, including lactose, and the a ( 1, 2) f ucosylated 
type II acceptor Fuca(l-2)Galj3(l-4)Glc, did not function as 
acceptor substrates for the fucosyltransf erase in these 
extracts, with any detectable efficiency. The type I 
substrate lacto-N-biose I was also not utilized by this 
enzyme* This suggests that the enzyme can function 
effectively only as an a (1, 3) fucosyltransf erase, as "also 
suggested by the flow cytometry analyses. The acceptor 
preferences exhibited by this enzyme contrast significantly 
with those exhibited by the Lewis fucosyltransf erase, which is 
able to efficiently utilize each of the four acceptors tested 
(Kukowska-Latallo et al, Genes Devel. , 4:1288-1303, 1990; 
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Mollicone et al, Eur. J. Biochem. . 191:169-176, 1990), Taken 
together with the results of the flow cytometry analyses 
presented in Figure 8, and DNA sequence analysis, these 
biochemical experiments, summarized in Table 2, indicate that 
plasmid pCDNAl-Fuc-TVI encodes a novel fucosyltransf erase with 
its own distinct acceptor specificity. 

Since the protein sequence of Fuc-TVI is so very similar 
to the sequences of FUC-TV and FUC-TIII, it may be expected 
that a catalytically active, secreted protein A-Fuc-TVI fusion 
porotein may be generated by fusing residues 4 3 through 3 59 of 
Fuc-TVI (SEQ ID NO: 14) to the protein A segment, in a manner 
identicial to that used to generate pPROTA-a ( 1 f 3 / 1 , 4 ) FT., and 
-pPR0TA--Fuc-TV c . - 

Experimen tal Procedures for Example VI "Cloning and 
expression of a DNA sequence encoding GDP-Fuc-g-D- 
Galfl,4)- p-GlcNAc ad. 3^ f ucosvltransf erase" f Fuc-TVI : 
DNA SEP T P NO: 14. protein SEP ID NO: 151 through cross 
hybridation. 

Cell culture. The source and growth conditions of C0S-1 cells 
are as previously described (Ernst et al f J. Biol. Chem. , 
265:3436-3447, 1989; Rajan et al f J, Biol. Chem. . 264:11158- 
11167, 1989) . 
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Antibodies. The anti-Lex antibody anti-SSEA-1 (Solter et al f 
Froc. Natl, Acad. Sci. USA . 75:5565-5569, 1978) (mouse 
monoclonal IgM as ascites) was provided by Dr. Davor Solter 
(Wistar Institute, Philadelphia). Anti-H and anti-Lewis a 
antibodies (mouse monoclonal IgM, antigen affinity purified) 
were purchased from Chembiomed Ltd. (Edmonton, Alberta) . 
Anti-sialyl Lewis x antibody CSLEX1 (Fukushima et al, cancer 
Res. . 44:5279-5285, 1984) (mouse monoclonal IgM, HPLC 
purified) and anti-sialyl Lewis a antibody CSLEA1 (Galton et 
al, Ninth Int. Convoc. Immuno. . Amherst, NY, pp. 117-125, 
Karger, Basel; Chia et al, Cancer Res. . 45:435-437, 1985) 
(mouse monoclonal IgG3 , ammonium sulfate precipitate) were 
provided by Dr. P. Terasaki (UCLA,_ „Los_ Angeles) ♦ A pooled 
mouse IgG antibody preparation (Mslg) was purchased from 
Coulter. Fluorescein-conjugated goat anti-mouse IgM or IgG 
antibodies were purchased from Sigma. 

Human genomic library construction « High molecular weight 
human genomic DNA was prepared from peripheral blood 
leukocytes as described previously (Ernst et al, J. Biol. 
Chem. . 265:3436-3447, 1989). Genomic DNA was subjected~*to" 
partial digestion with the restriction endonuclease Sau3A. 
The partially digested genomic DNA was size fractionated by 
ultracentrifugation through a sodium chloride gradient. 
Fractions enriched for DNA fragments between 8 Kb and 20 Kb 
were ligated to Xhol digested lambda FIX (Stratagene) phage 
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arms that had been partially filled in with dTTP and dCTP to 
make the ends compatible with the Sau3A fragments. The 
ligation mixture was packaged in vitro with commercial 
packaging extracts (Stratagene) , titered on E. coli host TAP90 
(Patterson et al, Nucl. Acids. Res. . 15:6298, 1987). 
Approximately l.o X 10 6 recombinant lambda phage were screened 
by plaque hybridization. Plaque lifts were prepared using 
nitrocellulose filters (Schleicher and Schuell) and were 
prehybridized at 42 °C for 16 hours in 50% formamide, 5X SSC f 
10X Denhart's solution, and 0.1% SDS. Filters were hybridized 
for 72 hours at 3 5°c in prehybridization solution containing 
10% dextran sulfate, and 100 micrograms per ml denatured 
_salmpn „sperm DNA. The probe consisted of a 1.7 Kb Xhol-Xbal 
fragment isolated from the 5' end of a cDNA insert encoding 
the Lewis blood group a (1,3/1, 4) fucosyltransf erase (Kukowska- 
Latallo et al, Genes Devel - r 4:1288-1303 f 1990), which was 
labeled (Feinberg et al, Anal, Biochem. . 132: 6-13 f 1983) with 
[a- 32 P] dCTP. The filters were rinsed three times for 20 
minutes each at room temperature in 2X SSC and then once for 
40 minutes at 50°C and IX SSC, 0.5% SDS. Filters were then 
subjected to autoradiography. Eighteen independent 
hybridization-positive plaques were identified after 2 
additional cycles of plaque hybridization. Phage DNAs were 
prepared from liquid lysates (Maniatis et al, Molecular 

Cloning: A Laboratory Manua 1 r cold Spring Harbor Lab. f Cold 

Spring Harbor, NY, 1982) and were subsequently characterized 
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by restriction endonuclease digestions and Southern blot 
analyses . 

DNA sequence analysis. Phage DNA was digested with various 
restriction enzymes, and fragments homologous to the human 
a (l f 3/1,4) fucosyltransf erase cONA were gel purified and 
ligated into the multicloning site of pTZ18. Representative 
subclones were sequenced by the dideoxy chain determination 
method (Sanger et al f Proc. Natl. Acad- Sci. USA . 74:5463- 
5467, 1977) using T7 DNA polymerase (Pharmacia LKB 
Biotechnology, Inc.) and oligonucleotides synthesized 
according to flanking plasmid sequences and subsequently 
according to the insert sequence. _This_^sjaquence data was used 
to generate additional synthetic deoxynucleotides which were 
then used to sequence remaining portions of the inserts* 
Sequence analysis was performed using the sequence analysis 
software package of the University of Wisconsin Genetics 
Computer Group (Devereux et al, Nucl. Acids. Res. , 12: 387-395 f 
1984) . 

Transfection and expression of the insert in pCDNAl -Fuc-TVT . 
A 1.2 kb fragment was generated by the PCR f using DNA isolated 
from a representative phage taken from a strongly hybridizing 
class of phages, and cloned into the Hindlll site in the 
mammalian expression plasmid pCDNAl (Invitrogen) . One plasmid 
with a single insert in the sense orientation with respect to 
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the plasmid's CMV promoter enhancer sequences was designated 
pCDNAl-Fuc-TVI ♦ 

FACS analysis, COS-1 cells transfected with plasmid DNAs were 
harvested (Rajan et al, J . Biol. Chem. . 264:11158-11167, 1989) 
48-72 hours after transf ection, and stained with monoclonal 
antibodies diluted in staining media, as previously described 
(Kukowska-Latallo et al. Genes Devel. . 4:1288-1303, 1990; 
Ernst et al, J, Biol^ Chem. . 265:3436-3447, 1989). Anti-Lewis 
a and anti-H antibodies (mouse IgM monoclonal; antigen- 
affinity purified; Giembiomed, Edmonton) were used at 10 
M9/ml. Anti-SSEA-l (mouse monoclonal IgM; ascites) was used 

at a dilution of 1:1S00 . Anti -sialy l-Lewis x (m ouse „ 

monoclonal IgM; HPLC purified from ascites) was used at 10 
jxg/ml. Anti-sialyl Xewis a (mouse monoclonal IgG3 ; ammonium 
sulfate precipitate of ascites) was used at a dilution of 
1:1000. Control mouse IgG3 antibody (Mslg, Coulter) was used 
at a concentration of 10 /xg/ml. Anti-VIM-2 antibody (mouse 
monoclonal IgM; ascites) was used at a dilution of 1:200. 
Cells were then stained with fluorescein isothiocyanate- 
conjugated goat anti-mouse IgM or IgG, "as appropriate, and* 
were then subjected -to analysis on a FACScan (Becton- 
Dickinson) , as described previously (Kukowska-Latallo et al, 
Genes Devel, . 4:1288-1303, 1990). 
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Fucosyltransf erase assays. cell extracts containing 1% Triton 
X-100 were prepared from transfected COS-1 cells, using 
procedures described previously (Kukowska-Latallo et al, Genes 
Devel - / 4:1288-1303, 1990). Fucosyltransf erase assays were 
performed in a total volume of 20 pi, and contained 50 mM 
sodium cacodylate, pH 6.2, 5 mM ATP, 10 mM fucose, 20 mM MnCl If 
3fiK GDP- 14 c-f ucose , and 5 nl (30 ng protein) of cell extract. 
Acceptor substrates were added to a final concentration of 20 
mM. Reactions were incubated at 37 °C for 1 hour and 
terminated by addition of 20 /U ethanol, followed by addition 
of 600 ill of distilled water. An aliquot of each reaction (50 
Ml) was subjected to scintillation counting to determine total 
radioactivity in the reaction. Another aliquot (200 nl) was - 
applied to a column containing 400 nl of Dowex 1X2-400, 
formate form (Rajan et al, J. Biol. Chem. . 264:11158-11167, 
1989) . The flow through fraction, and 2 (il of a subsequent 
water elution, were collected and pooled, and an aliquot was 
subjected to scintillation counting to quantitate 
incorporation of radioactive fucose into neutral product. 
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Table 2 presents the relative product formation rates 
obtained with low molecular weight acceptor substrates using 
cell extracts containing recombinant human 
a(l, 3) fucosyltransf erases expressed in transfected COS-l 
cells, as described in the preceding sections. 
Fucosyltransf erase assays were performed as described in 
detail in Lowe et al , J. Biol. Chem, . (1991), 266:17467-17477; 
Weston et aL J. Biol. Chem. (1992), 267:4152-4160; and 
Kukowska-Latallo et al . Genes. Devel. , (1990), 4:1238-1303. 
For each enzyme, the same extract was used, with saturating 
amounts of each acceptor oligosaccharide (20 mM, except for 
2 , -fucosylactose which was used at 5 mM) , and GDP-[ l4 C] fucose 
was present at 3 ^M. .Reaction times-and^enzyme amounts were 
adjusted to ensure a linear rate of product formation (less 
than 15% of the GDP-fucose substrate consumed) . Products were 
separated by column chromatography and quantitated by liquid 
scintillation counting, and their structures were confirmed by 
high performance liquid chromatography; as described in Loye 
et al . J, Biol. Cheicu , (1991), 266:17467-17477; Weston et al, 
J. Biol. Chem. (1992), 267 :4152-4160: and Kukowska-Lat allo et 
al . Genes. Devel. . (1990), 4:1288-1303. 

Obviously, numerous modifications and variations of the 
present invention are possible in light of the above 
teachings. It is therefore to be understood that, within the 
scope of the appended claims, the invention may be practiced 
otherwise than as specifically described herein. 



